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❝♦♠♣❡t✐t♦r ❡♥tr② ✇✐t❤ ❝❡rt❛✐♥t②✱ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ♠❛② str❛t❡❣✐✲
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t❤❡ ②❡❛rs ✷✵✶✹✲✷✵✶✽✱ ✇❡ ✉s❡ ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❛♣♣r♦❛❝❤ t♦ ❡①♣❧♦✐t t❤❡ t❡♠♣♦✲
r❛❧ ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s t♦ st✉❞② str❛t❡❣✐❝ ❝❤❛♥❣❡s ✐♥
♠❛r❦❡t✐♥❣ ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❧❡❛❞✐♥❣ ✉♣ t♦ ❛♥❞ ❢♦❧❧♦✇✐♥❣ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛✲
t✐♦♥✳ ❲❡ ❛❧s♦ ✉s❡ ❛ s❡❧❢✲❝♦♥str✉❝t❡❞ ❞❛t❛s❡t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r✐❡s ❛t t❤❡
❝♦✉♥t② ❧❡✈❡❧ t♦ ❡①♣❧♦✐t ✇✐t❤✐♥✲st❛t❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s t♦ ❡①♣❧♦r❡ ✇❤❡t❤❡r
❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ ❞✐✛❡rs ❛❝r♦ss ❛r❡❛s t❤❛t ❛r❡ ♠♦r❡ ❡①♣♦s❡❞ t♦ ❞✐s♣❡♥s❛r✐❡s✳
❙♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r t❤❡ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✱ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❛♥ ▼❈▲✱
❛♥❞ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r✐❡s ❤❛✈❡ ❤❡t❡r♦❣❡♥❡♦✉s ❡✛❡❝ts ♦♥
❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣✳ ❯s✐♥❣ ❛ ♠♦❞❡❧ ❞❡s✐❣♥ t❤❛t ❛❧❧♦✇s ✉s t♦ ❝❛♣t✉r❡ t✐♠❡✲
✈❛r②✐♥❣ ❡✛❡❝ts ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱ ✇❡ ✜♥❞ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❜② ✩✷✳✹✵ ✐♥
t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s ✐♥✐t✐❛❧❧② ♣r♦♣♦s❡❞ ♦r ✐s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❚❤❡ r♦✉❣❤❧② ✼✪
r❡❧❛t✐✈❡ ✐♥❝r❡❛s❡ ✐s ♦♥❧② ❡✈✐❞❡♥t ❢♦r t✇♦ q✉❛rt❡rs ❛♥❞ ✐s ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❢♦r
q✉❛rt❡rs ❛❢t❡r ❛♥ ▼❈▲ ❤❛s ❜❡❡♥ ❛♣♣r♦✈❡❞ ♦r ✐♠♣❧❡♠❡♥t❡❞✳ ▼♦r❡♦✈❡r✱ ✇❡ ❞♦ ♥♦t ✜♥❞
❡✈✐❞❡♥❝❡ t♦ s✉❣❣❡st ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❛❞❥✉st ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ ✐♥
❛r❡❛s ✇✐t❤ ❣r❡❛t❡r ❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✭❛s ♠❡❛s✉r❡❞ ❜② ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s✮✳
❚❤✐s ♣❛♣❡r ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❧✐t❡r❛t✉r❡ ✐♥ ♠✉❧t✐♣❧❡ ❞✐♠❡♥s✐♦♥s✳ ❋✐rst✱ ✇❡ ♣r♦✲
✈✐❞❡ ❛♥ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ✐♥❝✉♠❜❡♥t ♠❛r❦❡t✐♥❣ ❜❡❤❛✈✐♦r ✇✐t❤ ✐♠♣❡♥❞✐♥❣ ❝♦♠♣❡t✐t♦r
❡♥tr②✳ ❊❧❧✐s♦♥ ❛♥❞ ❊❧❧✐s♦♥ ✭✷✵✶✶✮ ♣r♦✈✐❞❡ ❛ s✐♠✐❧❛r ❢r❛♠❡✇♦r❦ ♠♦❞❡❧✐♥❣ str❛t❡❣✐❝ ✐♥✈❡st✲
♠❡♥ts ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✐♥❝✉♠❜❡♥ts ❛s ❞r✉❣ ♣❛t❡♥ts ❡①♣✐r❡ ❛♥❞ ❣❡♥❡r✐❝ s✉❜st✐t✉t❡s
♣r❡♣❛r❡ t♦ ❡♥t❡r✳
❙❡❝♦♥❞✱ ♣r❡s❝r✐❜✐♥❣ ❢r❡q✉❡♥❝✐❡s ❛r❡ ♣♦s✐t✐✈❡❧② r❡❧❛t❡❞ t♦ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✭❍❛❞❧❛♥❞
❡t ❛❧✳✱ ✷✵✶✽❀ ▲❛r❦✐♥ ❡t ❛❧✳✱ ✷✵✶✼❀ ◆❣✉②❡♥✱ ❇r❛❞❢♦r❞ ❛♥❞ ❙✐♠♦♥✱ ✷✵✶✾❜❀ P❡r❧✐s ❛♥❞ P❡r❧✐s✱
✷✵✶✻❀ ❙♣✉r❧✐♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✱ ❛♥❞ ❆❧♣❡rt ❡t ❛❧✳ ✭✷✵✶✾✮ ❛r❣✉❡ t❤❛t ♦♣✐♦✐❞ ♠❛r❦❡t✐♥❣
str❛t❡❣✐❡s ✐♥ t❤❡ ✶✾✾✵s ❤❛❞ s✐❣♥✐✜❝❛♥t ❛♥❞ ❤✐❣❤❧② ♣❡rs✐st❡♥t ❡✛❡❝ts ♦♥ t❤❡ ♦♥❣♦✐♥❣ ♦♣✐✲
♦✐❞ ❡♣✐❞❡♠✐❝✳ ❘❡❝❡♥t st✉❞✐❡s ❡①♣❧♦✐t ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ t♦ ❛r❣✉❡ ❛ s✉❜st✐t✉t❛❜✐❧✐t②
❜❡t✇❡❡♥ ❝❛♥♥❛❜✐s ❛♥❞ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✳ ❋♦r ❡①❛♠♣❧❡✱ ▼❝▼✐❝❤❛❡❧✱ ❱❛♥
✸
❍♦r♥ ❛♥❞ ❱✐s❝✉s✐ ✭✷✵✷✵✮ ✜♥❞ s✐❣♥✐✜❝❛♥t ❞❡❝❧✐♥❡s ✐♥ ♦♣✐♦✐❞s ♣r❡s❝r✐❜❡❞ ❛♥❞ ♣❛t✐❡♥ts
r❡❝❡✐✈✐♥❣ ♦♣✐♦✐❞s ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❡♥❛❝t♠❡♥t✳ ❖✉r ♣❛♣❡r ❝♦♥♥❡❝ts t❤❡s❡ str❛♥❞s ♦❢ ❧✐t✲
❡r❛t✉r❡✳ ❲❡ ♣r♦✈✐❞❡ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ❞❡❝❧✐♥❡ ✐♥ ❝♦✉♥t②✲❧❡✈❡❧ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t❤❛t
❡♠❡r❣❡s t✇♦ ②❡❛rs ❛❢t❡r ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ ❡✛❡❝t ✐s r❡❧❛t✐✈❡❧② s♠❛❧❧
❛♥❞ ♦t❤❡r✇✐s❡ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❛t t❤✐s ❧❡✈❡❧ ♦❢ ❛❣❣r❡❣❛t✐♦♥✳ ❲❡ t❤❡♥ ❡①✲
♣❧♦r❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧ ✉s✐♥❣ ❛ ♥♦✈❡❧ ❞❛t❛s❡t ♦❢ ♣❤②s✐❝✐❛♥✲❧❡✈❡❧
♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❝❡rt✐✜❝❛t✐♦♥s ✐♥ ❋❧♦r✐❞❛✳ ❲❡ ✜♥❞ ❛ ❧❛r❣❡r ❛♥❞ ♠♦r❡ ♣r❡❝✐s❡❧② ❡st✐✲
♠❛t❡❞ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡ ✐♥ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs ❢♦❧❧♦✇✐♥❣
▼❈▲ ❡♥❛❝t♠❡♥t✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ ❛♥ ✉♥❝❧❡❛r ❞✐r❡❝t✐♦♥ ♦❢ ❝❛✉s❛❧✐t②✱ ❞♦❝t♦r s❡❧❡❝t✐♦♥
✐♥t♦ tr❡❛t♠❡♥t✱ ❛♥❞ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t ❛t ♠♦r❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧✱ ✇❡ ❛r❡
❝❛✉t✐♦✉s t♦ s✉❣❣❡st ❝❤❛♥❣❡s ✐♥ ♦♣✐♦✐❞ ♠❛r❦❡t✐♥❣ ❛s ❛ ❝❤❛♥♥❡❧ t❤r♦✉❣❤ ✇❤✐❝❤ ▼❈▲s ♠❛②
r❡❞✉❝❡ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❤❛r♠s ✭P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥✱ ✷✵✶✽✮✳
▲❛st✱ ✇❤❡r❡ r❡s❡❛r❝❤ ❛r❣✉❡s ❛ s♠❛❧❧ r♦❧❡ ❢♦r ♣❛t✐❡♥t ❞❡♠❛♥❞ ✐♥ ❡①♣❧❛✐♥✐♥❣ ❣❡♦✲
❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ❤❡❛❧t❤ ❝❛r❡ ✉t✐❧✐③❛t✐♦♥ ✭❇❛❦❡r✱ ❇✉♥❞♦r❢ ❛♥❞ ❑❡ss❧❡r✱ ✷✵✶✹❀ ❈✉t❧❡r
❡t ❛❧✳✱ ✷✵✶✾❀ ❋✐♥❦❡❧st❡✐♥✱ ●❡♥t③❦♦✇ ❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✶✻❀ ❋❧❡♠✐♥❣✱ ✷✵✶✾✮✱ ✇❡ ❞✐✈❡r❣❡
❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ❛♥❞ ❝♦♥t❡♥❞ ♣❛t✐❡♥t ♣r❡❢❡r❡♥❝❡s ❛r❡ ♠♦r❡ s✐❣♥✐✜❝❛♥t ✐♥ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ♠❛r❦❡ts✳ ❚❤❡ ♠✐♥✐♠❛❧ r❡s♣♦♥s❡ ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ ❛t t❤❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧
♣❛✐r❡❞ ✇✐t❤ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❛t t❤❡ ♣❤②s✐❝✐❛♥ ❧❡✈❡❧ r❡✲
✢❡❝ts t❤❡ s♠❛❧❧ ♣❡r❝❡♥t ♦❢ ❞♦❝t♦rs ♣r♦✈✐❞✐♥❣ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♥❞ t❤❡ ❛❜✐❧✐t②
♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s t♦ ❛❞❥✉st ♠❛r❦❡t✐♥❣ ❛✇❛② ❢r♦♠ ❝❛♥♥❛❜✐s ❞♦❝t♦rs✳
❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ♣r♦❝❡❡❞s ❛s ❢♦❧❧♦✇s✿ ✐♥ ❙❡❝t✐♦♥ ✷ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ❡✈♦❧✈✐♥❣
❧❡❣❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ❛♥❞ ♦✉t❧✐♥❡ ✐♥❝✉♠❜❡♥t ❜❡❤❛✈✐♦r ✇❤❡♥ ❢❛❝✐♥❣
❡♥tr② ♦❢ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❲❡ ❞✐s❝✉ss t❤❡ ❞❛t❛ ✐♥ ❙❡❝t✐♦♥
✸ ❛♥❞ ❞❡t❛✐❧ ♦✉r ❡st✐♠❛t✐♦♥ str❛t❡❣② ✐♥ ❙❡❝t✐♦♥ ✹✳ ■♥ ❙❡❝t✐♦♥ ✺✱ ✇❡ ♣r♦✈✐❞❡ t❤❡ r❡s✉❧ts✱
r♦❜✉st♥❡ss ❝❤❡❝❦s✱ ❛♥❞ ❛ s✉❜✲❛♥❛❧②s✐s ♦♥ ❋❧♦r✐❞❛ ♣❤②s✐❝✐❛♥s✳ ❙❡❝t✐♦♥ ✻ ❝♦♥❝❧✉❞❡s✳
✹
✷ ❇❛❝❦❣r♦✉♥❞ ❛♥❞ ❈♦♥❝❡♣t✉❛❧ ❋r❛♠❡✇♦r❦
❲❤✐❧❡ ❯✳❙✳ ♣r♦❤✐❜✐t✐♦♥ ♦♥ ❝❛♥♥❛❜✐s ❞❛t❡s ❜❛❝❦ t♦ t❤❡ ✶✾✸✵s✱ t❤❡ ❈♦♥tr♦❧❧❡❞ ❙✉❜st❛♥❝❡s
❛❝t ♦❢ ✶✾✼✵ ✭❈❙❆✮ ❡st❛❜❧✐s❤❡❞ ❛ str✉❝t✉r❡ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ s②st❡♠ t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡
❢❡❞❡r❛❧ ❣♦✈❡r♥♠❡♥t r❡❣✉❧❛t❡s ❛♥❞ r❡str✐❝ts t❤❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♣♦ss❡ss✐♦♥ ♦❢ ♠❛r✐❥✉❛♥❛
❛♥❞ ♦t❤❡r ❞r✉❣s✳ ❯♥❞❡r t❤❡ ❈❙❆✱ ❛❧❧ ❝♦♥tr♦❧❧❡❞ s✉❜st❛♥❝❡s ✭❛♥❞ ❛♥❛❧♦❣✉❡s✮ ❛r❡ ❝❛t✲
❡❣♦r✐③❡❞ ✐♥t♦ ♦♥❡ ♦❢ ✜✈❡ s❝❤❡❞✉❧❡s ❜❛s❡❞ ✉♣♦♥ t❤❡ s✉❜st❛♥❝❡✬s ❛❜✉s❡ ♣♦t❡♥t✐❛❧ ❛♥❞
♠❡❞✐❝❛❧ ✉s❡❢✉❧♥❡ss✳✷ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s ❛s ❛ s❝❤❡❞✉❧❡ ■ ❞r✉❣ ❝r✐♠✐♥❛❧✐③❡s
❝♦♥s✉♠♣t✐♦♥ ❛♥❞ r❡str✐❝ts ❛❝❝❡ss t♦ t❤❡ ❞r✉❣ ❢♦r ♠❡❞✐❝❛❧ r❡s❡❛r❝❤✳✸
❉❡s♣✐t❡ t❤✐s r❡str✐❝t✐♦♥✱ t❤❡r❡ ✐s ❛ ❣r♦✇✐♥❣ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ♠❡❞✐❝❛❧ ❜❡♥❡✜ts ♦❢
❝❛♥♥❛❜✐s ❛♥❞ ✐ts ♣❡r❝❡✐✈❡❞ ❡✣❝❛❝② t♦ tr❡❛t ✈❛r✐♦✉s ❛✐❧♠❡♥ts✳ ❆ r❡❝❡♥t r❡♣♦rt ❢r♦♠
t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠✐❡s ♦❢ ❙❝✐❡♥❝❡s✱ ❊♥❣✐♥❡❡r✐♥❣✱ ❛♥❞ ▼❡❞✐❝✐♥❡ ✭✷✵✶✼✮ ❡①❛♠✐♥❡❞ ♦✈❡r
✶✵✱✵✵✵ ❝❛♥♥❛❜✐s✲r❡❧❛t❡❞ s❝✐❡♥t✐✜❝ st✉❞✐❡s ❛♥❞ ❢♦✉♥❞ s✉❜st❛♥t✐❛❧ ❡✈✐❞❡♥❝❡ t❤❛t ❝❛♥♥❛❜✐s
✐s ❡✛❡❝t✐✈❡ ✐♥ tr❡❛t✐♥❣ s②♠♣t♦♠s s✉❝❤ ❛s ❝❤r♦♥✐❝ ♣❛✐♥✱ ❝❤❡♠♦t❤❡r❛♣②✲✐♥❞✉❝❡❞ ♥❛✉s❡❛✱
❛♥❞ s♣❛st✐❝✐t②✳
❆❧t❤♦✉❣❤ t❤❡ ❢❡❞❡r❛❧ ❣♦✈❡r♥♠❡♥t ❤❛s ❤❡❧❞ ✜r♠ ♦♥ t❤❡ ♣r♦❤✐❜✐t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s✱
❛ ♠❛❥♦r✐t② ♦❢ ❯✳❙✳ st❛t❡s ❤❛✈❡ ✐♠♣❧❡♠❡♥t❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s✳ ❈❛❧✐❢♦r♥✐❛ ✇❛s
t❤❡ ✜rst st❛t❡ t♦ ❧❡❣❛❧✐③❡ ❝❛♥♥❛❜✐s ❢♦r ♠❡❞✐❝❛❧ ✉s❡ ✐♥ ✶✾✾✻✳ ❖✈❡r t❤❡ ♥❡①t ❞❡❝❛❞❡✱ ✶✵
♦t❤❡r st❛t❡s ✇♦✉❧❞ ❛❧s♦ ❛❞♦♣t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s✳ ❲❤✐❧❡ t❤❡s❡ ❡❛r❧② ❧❛✇s ♣r♦✈✐❞❡❞
❧❡❣❛❧ ♣r♦t❡❝t✐♦♥ t♦ ❝♦♥s✉♠❡rs✱ t❤❡② ✇❡r❡ ✈❛❣✉❡ r❡❣❛r❞✐♥❣ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞r✉❣✳
❚❤❡ r✐s❦ ♦❢ ❢❡❞❡r❛❧ ♣r♦s❡❝✉t✐♦♥ ❞❡t❡rr❡❞ ♣r♦❞✉❝❡r ✐♥✈❡st♠❡♥t ❛♥❞ t❤❡ ❧❡❣❛❧ ♠❛r❦❡ts
r❡♠❛✐♥❡❞ s♠❛❧❧ ♦✈❡r t❤✐s t✐♠❡ ♣❡r✐♦❞✳
❚❤❡ ❧❡❣❛❧ ♠❛r❦❡t ❝❤❛♥❣❡❞ ❞r❛♠❛t✐❝❛❧❧② ✐♥ ✷✵✵✾ ✇❤❡♥ t❤❡ ❢❡❞❡r❛❧ ❣♦✈❡r♥♠❡♥t
✐ss✉❡❞ ❛ ♠❡♠♦r❛♥❞✉♠ st❛t✐♥❣ t❤❛t ❢❡❞❡r❛❧ ❢✉♥❞s ✇♦✉❧❞ ♥♦t ❜❡ ✉s❡❞ t♦ ♣r♦s❡❝✉t❡ t❤♦s❡
✷❙❝❤❡❞✉❧❡ ■ ❞r✉❣s ❤❛✈❡ ♥♦ ♠❡❞✐❝❛❧ ✈❛❧✉❡ ❛♥❞ ❛ ❤✐❣❤ ♣♦t❡♥t✐❛❧ ❢♦r ❛❜✉s❡✳ ❙✉❜st❛♥❝❡s ❧✐st❡❞ ✐♥
s❝❤❡❞✉❧❡ ■■ t❤r♦✉❣❤ s❝❤❡❞✉❧❡ ❱ ❝❛t❡❣♦r✐❡s ❛❧❧ ❤❛✈❡ s♦♠❡ ❛❝❝❡♣t❡❞ ♠❡❞✐❝❛❧ ❜❡♥❡✜t ❛♥❞ ✈❛r②✐♥❣ ❧❡✈❡❧s
♦❢ ❛❜✉s❡ ♣♦t❡♥t✐❛❧✳
✸❙t✐t❤ ❛♥❞ ❱✐❣✐❧ ✭✷✵✶✻✮ ❞♦❝✉♠❡♥t t❤❡ ♦❜st❛❝❧❡s ❛♥❞ ❧✐♠✐t❛t✐♦♥s ❢♦r st✉❞②✐♥❣ t❤❡ ♠❡❞✐❝❛❧ ❡✣❝❛❝②
♦❢ ❝❛♥♥❛❜✐s ❞✉❡ t♦ ✐ts s❝❤❡❞✉❧❡ ■ st❛t✉s✳
✺
✐♥ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ st❛t❡ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ❧❛✇s ✭❖❣❞❡♥✱ ✷✵✵✾✮✳ ❖❢ t❤❡ ✸✸ ❯✳❙✳ st❛t❡s
t❤❛t ❤❛✈❡ ❛❞♦♣t❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇s✱ ✷✵ ❡♥❛❝t❡❞ s✉❝❤ ♣♦❧✐❝✐❡s ❛❢t❡r t❤❡ ✷✵✵✾ ❖❣❞❡♥
▼❡♠♦r❛♥❞✉♠✳✹ ❚❤❡ ❣❡♦❣r❛♣❤✐❝ ❞✐str✐❜✉t✐♦♥ ♦❢ ▼❈▲✲❛❞♦♣t✐♥❣ st❛t❡s ✐s ❞❡s❝r✐❜❡❞ ✐♥
❋✐❣✉r❡ ✶ ✭❡①❝❧✉❞✐♥❣ ❆❧❛s❦❛ ❛♥❞ ❍❛✇❛✐✐✮✳ ❙t❛t❡s t❤❛t ❧❡❣❛❧✐③❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❜❡❢♦r❡
♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ ✭❛❧✇❛②s tr❡❛t❡❞✮ ✐♥❝❧✉❞❡ ❡✐❣❤t st❛t❡s ✐♥ t❤❡ ❣❡♦❣r❛♣❤✐❝ ❲❡st ✭♣❧✉s
❆❧❛s❦❛ ❛♥❞ ❍❛✇❛✐✐✮✱ s❡✈❡♥ st❛t❡s ✐♥ t❤❡ ◆♦rt❤❡❛st✱ ❛♥❞ ▼✐❝❤✐❣❛♥✳ ❲✐t❤✐♥ ♦✉r s❛♠♣❧❡
♣❡r✐♦❞✱ ✇❡ ♦❜s❡r✈❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ t✐♠✐♥❣ ▼❈▲ ❛❞♦♣t✐♦♥ ❛❝r♦ss ❛❧❧ r❡❣✐♦♥s ♦❢ t❤❡
❯♥✐t❡❞ ❙t❛t❡s✳ ❋✐✈❡ st❛t❡s ✐♠♣❧❡♠❡♥t ▼❈▲s ❜❡t✇❡❡♥ ✷✵✶✸ ❛♥❞ ✷✵✶✹✱ ✜✈❡ ✐♥ ✷✵✶✻✱ ♦♥❡
✐♥ ✷✵✶✼✱ ❛♥❞ ❢♦✉r ❛❞❞✐t✐♦♥❛❧ st❛t❡s ❛❞♦♣t ❛♥ ▼❈▲ ✐♥ ✷✵✶✽✳
❆❧❧ ▼❈▲s ❡♥❛❝t❡❞ ❛❢t❡r ✷✵✵✾ ✐♥❝❧✉❞❡ ♣r♦✈✐s✐♦♥s ❛❧❧♦✇✐♥❣ ❢♦r ❞✐s♣❡♥s❛r✐❡s✳ ❚❤✐s
❢❡❛t✉r❡ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠✉❧t✐♣❧❡ r❡❛s♦♥s✳ ❋✐rst✱ ❞✐s♣❡♥s❛r✐❡s ♣r♦✈✐❞❡ ✐♠♠❡❞✐❛t❡ ❛❝❝❡ss
t♦ ❝❛♥♥❛❜✐s✳ ❲❤✐❧❡ ❝❛♥♥❛❜✐s ❝❛♥ st✐❧❧ ❜❡ ❛❝q✉✐r❡❞ ❜② ✇❛② ♦❢ ❣r❛② ♠❛r❦❡t tr❛♥s❛❝t✐♦♥s
❛♥❞ ❤♦♠❡ ❝✉❧t✐✈❛t✐♦♥✱ t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ ♠❡t❤♦❞s ♦❢ ♣r♦❝✉r❡♠❡♥t ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤
❛❞❞✐t✐♦♥❛❧ ❝♦sts s✉❝❤ ❛s s❡❛r❝❤✱ q✉❛❧✐t② ❝♦♥❝❡r♥s✱ s❛❢❡t② ❛s♣❡❝ts✱ ♦r t❤❡ ♦♥❡r♦✉s ♣r♦❝❡ss
♦❢ ❛❝q✉✐r✐♥❣ ♠❛t❡r✐❛❧ ♥❡❡❞❡❞ t♦ ❣r♦✇ t❤❡ ❞r✉❣✳ ❆ ❞✐s♣❡♥s❛r② ❡❧✐♠✐♥❛t❡s t❤❡s❡ ❛❞❞✐✲
t✐♦♥❛❧ ❝♦sts ❛♥❞ P❛❝✉❧❛ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛r❣✉❡ t❤❛t ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r✐❡s ❞r✐✈❡ t❤❡
✐♥❝r❡❛s❡❞ ❝♦♥s✉♠♣t✐♦♥ ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳
❙❡❝♦♥❞✱ ❧✐❝❡♥s❡❞ ❝❛♥♥❛❜✐s ♠❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ❞✐s♣❡♥s✐♥❣ ❤❡❧♣s ❡♥s✉r❡ ❣r❡❛t❡r ❝♦♥✲
s✐st❡♥❝② ✐♥ t❤❡ ❞r✉❣✬s ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❛t ❝❛♥♥❛❜✐s ✐s ♣r♦✈✐❞❡❞ t♦ ♣❛t✐❡♥ts ✇✐t❤
♣❤②s✐❝✐❛♥ ❛♣♣r♦✈❛❧ ✭❲✐❧❧✐❛♠s ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❙✐♠✐❧❛r t♦ ♣❛t✐❡♥ts ❛❝q✉✐r✐♥❣ tr❛❞✐t✐♦♥❛❧
♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ❢r♦♠ ♣❤❛r♠❛❝✐❡s✱ ❧✐❝❡♥s❡❞ ♠❛r✐❥✉❛♥❛ ❞✐s♣❡♥s❛r✐❡s ♣r♦✈✐❞❡ t❤❡ s❛♠❡
♣❤❛r♠❛❝②✲❧✐❦❡ s❡r✈✐❝❡s ❢♦r ✐♥❞✐✈✐❞✉❛❧s s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❚❤✉s✱ ❞✐s♣❡♥s❛r✐❡s ❝✐r✲
❝✉♠✈❡♥t t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♥♦♥✲❞✐s♣❡♥s❛r② tr❛♥s❛❝t✐♦♥s ♠❛❦✐♥❣
✐t ❧❡ss ❝♦st❧② ❢♦r ❛♥ ✐♥❞✐✈✐❞✉❛❧ ✭♦r r❡❝♦♠♠❡♥❞✐♥❣ ♣❤②s✐❝✐❛♥✮ t♦ s✉❜st✐t✉t❡ ❛✇❛② ❢r♦♠
♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s t♦ ❝❛♥♥❛❜✐s✳
✹■♥ ❛❞❞✐t✐♦♥ t♦ st❛t❡✲❧❡✈❡❧ ❣r♦✇t❤ ♦❢ ❧❡❣❛❧ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s st❛t❡s✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛t✐❡♥ts ❛♥❞
❞✐s♣❡♥s❛r✐❡s ❛❧s♦ ✐♥❝r❡❛s❡❞ r❛♣✐❞❧② ✭❙♠❛rt✱ ✷✵✶✺❀ ❙♠✐t❤✱ ✷✵✷✵✮✳
✻
▲❛st✱ ❢r♦♠ ❛ ❝♦♥❝❡♣t✉❛❧ st❛♥❞♣♦✐♥t✱ t❤❡s❡ ❧❛t❡✲❛❞♦♣t✐♥❣ ❧❛✇s ❧❛② ♦✉t ❛ str✉❝t✉r❡
❢♦r t✐♠✐♥❣ ❛♥❞ ❧♦❝❛t✐♦♥ ♦❢ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s t❤r♦✉❣❤ ✇❤✐❝❤ ❝❛♥♥❛❜✐s ✇✐❧❧ ❡♥t❡r ❛
❧♦❝❛❧ ♠❛r❦❡t✳ ❆❧t❤♦✉❣❤ t❤❡ t✐♠✐♥❣ ❜❡t✇❡❡♥ ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ✈❛r✐❡s
❜② st❛t❡✱ ❡❛❝❤ ♠❛r❦❡t ❢♦❧❧♦✇s t❤❡ s❛♠❡ str✉❝t✉r❡✿ ✭✶✮ t❤❡ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✱ ✭✷✮
❧❛✇ ❛♣♣r♦✈❛❧✱ ❛♥❞ ✭✸✮ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐t❤ ♣❤②s✐❝✐❛♥ ❛♣♣r♦✈❛❧s ❛♥❞ ❞✐s♣❡♥s❛r② ♦♣❡♥✲
✐♥❣s✳✺ ❋r♦♠ t❤❡ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠ ♣❡rs♣❡❝t✐✈❡✱ ✇❡ ❤❛✈❡ t❤❡ ♦♣♣♦rt✉♥✐t②
t♦ ♦❜s❡r✈❡ str❛t❡❣✐❝ ❛♥t✐❝✐♣❛t♦r② st❡♣s ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s t❛❦❡ ♣r✐♦r t♦ ❝❛♥♥❛❜✐s
❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ❡①❛♠✐♥❡ ❤♦✇ ♠❛r❦❡t✐♥❣ ❜❡❤❛✈✐♦r ❝❤❛♥❣❡s ❛❢t❡r ❝❛♥♥❛❜✐s ❡♥tr②✳
■❢ ❝❛♥♥❛❜✐s ✐s ❛ ✈✐❛❜❧❡ s✉❜st✐t✉t❡ ❢♦r ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✱ t❤❡♥ t❤❡ ♣r♦❝❡ss ♦❢ ♠❡❞✲
✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✇✐❧❧ ❜❡ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❣❡♥❡r✐❝ ❞r✉❣ ❡♥tr② ✉♣♦♥ ♣❛t❡♥t
❡①♣✐r❛t✐♦♥ ♦❢ ❛ ♣✐♦♥❡❡r ❞r✉❣✳ ❈♦♥s✐st❡♥t ✇✐t❤ ❛ s✉❜st✐t✉t✐♦♥ ❛❝r♦ss ❞r✉❣s✱ ❇r❛❞❢♦r❞
❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✼✱ ✷✵✶✽✮ ✜♥❞ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ✉s❡ ❢❛❧❧s ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❡♥❛❝t♠❡♥t✳✻
❇❡❝❛✉s❡ ▼❈▲s ❛❧❧♦✇ ❢♦r ❛♥ ❛❧t❡r♥❛t✐✈❡✱ s✉❜st✐t✉t❡ ❢♦r♠ ♦❢ tr❡❛t♠❡♥t t❤❛t ❝♦✉❧❞ ❛✛❡❝t
t❤❡ ♠❛r❦❡t s❤❛r❡ ❛♥❞ ❡❛r♥✐♥❣s ♦❢ ✐♥❝✉♠❜❡♥t ✜r♠s✱ ❛ ❢♦r✇❛r❞✲❧♦♦❦✐♥❣ ♣r♦✜t✲♠❛①✐♠✐③✐♥❣
✜r♠ ✇✐❧❧ ❜❡❤❛✈❡ str❛t❡❣✐❝❛❧❧② ♣r✐♦r t♦ ❧❡❣❛❧✐③❛t✐♦♥ ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ t❤r❡❛t ♦❢ t❤✐s ❛❞✲
❞✐t✐♦♥❛❧ ❝♦♠♣❡t✐t✐♦♥✳
❚❤❡ ♠♦st ❡✛❡❝t✐✈❡ r❡s♣♦♥s❡ ❢♦r ✐♥❝✉♠❜❡♥t ✜r♠s ✐s ❡♥tr② ❞❡t❡rr❡♥❝❡ t❤r♦✉❣❤ t❤❡
❝♦♥t✐♥✉❡❞ ♣r♦❤✐❜✐t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s✳ ■♥ t❤❡ ❯✳❙✳ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t✱ ❤♦✇❡✈❡r✱ t❤✐s ✐s
♦♥❧② ❛❝❝♦♠♣❧✐s❤❡❞ ❜② ✐♥✢✉❡♥❝✐♥❣ ♣✉❜❧✐❝ ♦♣✐♥✐♦♥ ❛♥❞ ♣r❡✈❡♥t✐♥❣ t❤❡ ❧❡❣❛❧✐③❛t✐♦♥ ❢r♦♠
♦❝❝✉rr✐♥❣ ♦♥ ❛ st❛t❡✲❜②✲st❛t❡ ❜❛s✐s✳✼ ■❢ ❞❡t❡rr❡♥❝❡ ✐s ♥♦t ❢❡❛s✐❜❧❡✱ t❤❡♥ ✐♥❝✉♠❜❡♥ts
✺❚❤❡ t✐♠✐♥❣ ❜❡t✇❡❡♥ ❧❛✇ ❛♣♣r♦✈❛❧ ❛♥❞ ❛ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ❢♦r ❡❛❝❤ st❛t❡ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❚❛❜❧❡ ✶✳
❲❡ ✐♥❝♦r♣♦r❛t❡ t❤✐s t✐♠✐♥❣ ✇❤❡♥ ❡①❛♠✐♥✐♥❣ t❤❡ t✐♠❡✲✈❛r②✐♥❣ r❡s♣♦♥s❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s
❧❡❣❛❧✐③❛t✐♦♥✳
✻❙♦♠❡ st❛t❡ ▼❈▲s s♣❡❝✐✜❝❛❧❧② ♠❡♥t✐♦♥ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❝❛♥♥❛❜✐s ✐♥ ♣❧❛❝❡ ♦❢ ❞r✉❣s t❤❛t ♠❛② ❧❡❛❞ t♦
❞❡♣❡♥❞❡♥❝❡ ♦r ♦t❤❡r ❞❛♥❣❡r♦✉s s✐❞❡ ❡✛❡❝ts ✭❡✳❣✳ ♦♣✐♦✐❞ ♣❛✐♥❦✐❧❧❡rs✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ▼❝▼✐❝❤❛❡❧✱ ❱❛♥ ❍♦r♥
❛♥❞ ❱✐s❝✉s✐ ✭✷✵✷✵✮ ✜♥❞ ❞❡❝❧✐♥❡s ✐♥ ❞❛✐❧② ❞♦s❡s ♦❢ ♦♣✐♦✐❞s ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ❧❡❣❛❧✐③❛t✐♦♥ ✇❤✐❧❡
s✉r✈❡②✲❜❛s❡❞ ❛♥❛❧②s❡s ♣r♦✈✐❞❡ ❛♥❡❝❞♦t❛❧ ❡✈✐❞❡♥❝❡ ♦❢ ❛ s✉❜st✐t✉t✐♦♥ ❢r♦♠ ♦♣✐♦✐❞s t♦ ❝❛♥♥❛❜✐s ❛♠♦♥❣
♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ♣❛t✐❡♥ts ✭❈♦rr♦♦♥ ❏r✳✱ ▼✐s❝❤❧❡② ❛♥❞ ❙❡①t♦♥✱ ✷✵✶✼✮✳
✼❚❤❡r❡ ❛r❡ ❛♥❡❝❞♦t❡s ♦❢ ❝❛♥♥❛❜✐s ❞❡t❡rr❡♥❝❡ ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s✳ ❋❛♥❣ ✭✷✵✶✹✮ ❞❡t❛✐❧s
♠♦♥❡t❛r② ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ♦♣✐♦✐❞ ♠❛♥✉❢❛❝t✉r❡rs t♦ ♦r❣❛♥✐③❛t✐♦♥s t❤❛t ♦♣♣♦s❡❞ ♠❛r✐❥✉❛♥❛ r❡❢♦r♠
❧❛✇s ❛♥❞ ❛❞✈♦❝❛t❡❞ ❛❣❛✐♥st r❡✲s❝❤❡❞✉❧✐♥❣ ♠❛r✐❥✉❛♥❛ ❢r♦♠ ✐ts s❝❤❡❞✉❧❡ ■ ❝❧❛ss✐✜❝❛t✐♦♥ ✐♥ ❛ ✷✵✶✹ ♣r♦✲
♣♦s❛❧✳ ■♥s②s ❚❤❡r❛♣❡✉t✐❝s✱ ❛ ♣❛✐♥❦✐❧❧❡r ♠❛♥✉❢❛❝t✉r❡r✱ ❝♦♥tr✐❜✉t❡❞ ✩✺✵✵✱✵✵✵ t♦ ❛♥ ❛♥t✐✲♠❛r✐❥✉❛♥❛
❝❛♠♣❛✐❣♥ ✐♥ ❆r✐③♦♥❛ ♣r✐♦r t♦ ❛ ✈♦t❡ t♦ ❛❧❧♦✇ ❢♦r r❡❝r❡❛t✐♦♥❛❧ ✉s❡ ✭■♥❣r❛❤❛♠✱ ✷✵✶✻✮✳
✼
✇✐❧❧ ✐♥✈❡st str❛t❡❣✐❝❛❧❧② ♣r✐♦r t♦ ❝♦♠♣❡t✐t♦r ❡♥tr② t♦ ❡♥❝♦✉r❛❣❡ ✐♥❡rt✐❛ ❛♥❞ ❞✐ss✉❛❞❡
s✇✐t❝❤✐♥❣ ❢r♦♠ t❤❡✐r ♣r♦❞✉❝t✳
■♥❡rt✐❛ ✐♥ ♣r❡s❝r✐❜✐♥❣ ✐s ❝♦♠♠♦♥✱ ❡✈❡♥ ❢♦r ❝❧♦s❡❧②✲r❡❧❛t❡❞ s✉❜st✐t✉t❡s s✉❝❤ ❛s
❜r❛♥❞✲♥❛♠❡ ❛♥❞ ❣❡♥❡r✐❝ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✭❑❡❧t♦♥✱ ❈❤❛♥❣ ❛♥❞ ❑r❡❧✐♥❣✱ ✷✵✶✸❀ ❑❡ss❡❧✲
❤❡✐♠✱ ❋✐s❝❤❡r ❛♥❞ ❆✈♦r♥✱ ✷✵✵✻✮✳ ❚❤❡ ♣❡rs✐st❡♥❝❡ st❡♠s ❢r♦♠ ❞♦❝t♦r ✉♥❝❡rt❛✐♥t② ✐♥
tr❡❛t♠❡♥t ♦♣t✐♦♥s ❞✉❡ t♦ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ ❜♦t❤ ♣❛t✐❡♥t ✐❧❧♥❡ss ❛♥❞ ❞r✉❣ ❡✣❝❛❝② ✭❈r❛✇✲
❢♦r❞ ❛♥❞ ❙❤✉♠✱ ✷✵✵✺✮✳ ❚r❡❛t♠❡♥t ✉♥❝❡rt❛✐♥t② ✐s ❛❧❧❡✈✐❛t❡❞ t❤r♦✉❣❤ ❧❡❛r♥✐♥❣ ❛♥❞ ❡①♣❡r✐✲
❡♥❝❡✳ ❈♦s❝❡❧❧✐ ❛♥❞ ❙❤✉♠ ✭✷✵✵✹✮ ❞❡s❝r✐❜❡ ❛♥ ❡♥✈✐r♦♥♠❡♥t ✇❤❡r❡ ❞♦❝t♦rs ❧❡❛r♥ ❛❜♦✉t t❤❡
❡✛❡❝t✐✈❡♥❡ss ♦❢ ❛❧t❡r♥❛t✐✈❡ ♠❡❞✐❝✐♥❡s ❡✐t❤❡r ❞✐r❡❝t❧② ✭t❤r♦✉❣❤ ♣r❡s❝r✐❜✐♥❣✮ ♦r ✐♥❞✐r❡❝t❧②
✭❢r♦♠ ♣r♦♠♦t✐♦♥❛❧ ❛❝t✐✈✐t②✮✳ ❚❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss ♠♦t✐✈❛t❡s t❤❡ ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s
♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❛♥❞ s❤❡❞s ❧✐❣❤t ♦♥ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❜②
❤❡❛❧t❤ ❝❛r❡ ❝♦♠♣❛♥✐❡s✳
◆❛r❛②❛♥❛♥✱ ▼❛♥❝❤❛♥❞❛ ❛♥❞ ❈❤✐♥t❛❣✉♥t❛ ✭✷✵✵✺✮ ❛r❣✉❡ t❤❛t ❞❡t❛✐❧✐♥❣ ✐s s✉❜st❛♥✲
t✐❛❧❧② ♠♦r❡ ❡✛❡❝t✐✈❡ ✐♥ ❧❡❛r♥✐♥❣ ❛❜♦✉t t❤❡ ❡✣❝❛❝② ♦❢ ❞r✉❣s t❤❛♥ ♣❛t✐❡♥t ❢❡❡❞❜❛❝❦ ❛♥❞
♣❤②s✐❝✐❛♥ ❜❡❧✐❡❢s ❛❜♦✉t tr❡❛t♠❡♥t ❡✣❝❛❝② ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢❛❝t♦r ✐♥ ❡①♣❧❛✐♥✐♥❣
❣❡♦❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ❤❡❛❧t❤ ❝❛r❡ s♣❡♥❞✐♥❣ ✭❈✉t❧❡r ❡t ❛❧✳✱ ✷✵✶✾✮✳ P❤❛r♠❛❝❡✉t✐❝❛❧
♠❛r❦❡t✐♥❣ r❡✢❡❝ts t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ ❝♦♠♣❛♥✐❡s ✐♥✈❡st ❤❡❛✈✐❧② ✐♥ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥
♠❛r❦❡t✐♥❣✳ ■♥ ✷✵✶✻✱ ❛♣♣r♦①✐♠❛t❡❧② ✩✷✵ ❜✐❧❧✐♦♥ ✇❛s s♣❡♥t ♦♥ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ♠❛r❦❡t✐♥❣
❞✐r❡❝t❧② t♦ ❤❡❛❧t❤ ❝❛r❡ ♣r♦❢❡ss✐♦♥❛❧s ✭❙❝❤✇❛rt③ ❛♥❞ ❲♦❧♦s❤✐♥✱ ✷✵✶✾✮✳
❋♦r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❤♦✇❡✈❡r✱ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❧❡❛r♥✐♥❣ ❢♦r ❞♦❝t♦rs ✇✐❧❧ ❜❡ ♠✐♥✲
✐♠❛❧ t♦ ♥♦♥✲❡①✐st❡♥t ✉♥t✐❧ ❧❡❣❛❧✐③❛t✐♦♥ ♦❝❝✉rs✳ ❙tr❛t❡❣✐❝❛❧❧② t❤❡♥✱ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛✲
❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❤❛✈❡ ❛♥ ✐♥❝❡♥t✐✈❡ t♦ t❡♠♣❡r ❧❡❛r♥✐♥❣ ❢♦r ❝❛♥♥❛❜✐s ✇❤✐❧❡ ❡①♣❛♥❞✐♥❣
❦♥♦✇❧❡❞❣❡ ❢♦r t❤❡✐r ♦✇♥ ♣r♦❞✉❝ts t❤r♦✉❣❤ ♣r♦♠♦t✐♦♥s ❛♥❞ ❞❡t❛✐❧✐♥❣ ♣r✐♦r t♦ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❙✐♠✐❧❛r t♦ ❊❧❧✐s♦♥ ❛♥❞ ❊❧❧✐s♦♥ ✭✷✵✶✶✮✱ ✇❤✐❝❤ ❡①♣❧♦✐ts t❤❡ ❧❛♣s❡ ♦❢
♣❛t❡♥t ♣r♦t❡❝t✐♦♥ ❢♦r ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✱ ✇❡ ❢♦❝✉s ♦♥ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t
❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠s ❛s st❛t❡s ❧❡❣❛❧✐③❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳✽
✽❊❧❧✐s♦♥ ❛♥❞ ❊❧❧✐s♦♥ ✭✷✵✶✶✮ ♣r♦✈✐❞❡ ❛ ❢r❛♠❡✇♦r❦ ❢♦r str❛t❡❣✐❝ ✐♥✈❡st♠❡♥t ♣r✐♦r t♦ ♣❛t❡♥t ❡①♣✐r❛t✐♦♥
✽
❲❤✐❧❡ t❤❡r❡ ❛r❡ ❛ ♥✉♠❜❡r ♦❢ s✐♠✐❧❛r✐t✐❡s ❜❡t✇❡❡♥ ❣❡♥❡r✐❝ ❞r✉❣ ❡♥tr② ❛♥❞ ❝❛♥♥❛❜✐s
❧❡❣❛❧✐③❛t✐♦♥✱ t❤❡r❡ ❛r❡ ❛❧s♦ ♠❡❛♥✐♥❣❢✉❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡✈❡♥ts✳ ❚❤❡s❡ ❞✐✛❡r✲
❡♥❝❡s ❧✐❦❡❧② ❧✐♠✐t t❤❡ ✐♠♣❛❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ ♣r❡s❝r✐❜✐♥❣ ❜❡❤❛✈✐♦rs ♦❢
♣❤②s✐❝✐❛♥s ❛♥❞ t❤❡ ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s ❡♠♣❧♦②❡❞ ❜② ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s✳ ❚❤❡
✜rst ❞✐♠❡♥s✐♦♥ ✐♥ ✇❤✐❝❤ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐✛❡rs ❢r♦♠ ❛❧t❡r♥❛t✐✈❡ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✐s
t❤❡ ♦✉t✲♦❢✲♣♦❝❦❡t ❝♦sts✳ ■♥s✉r❛♥❝❡ ✭♣✉❜❧✐❝ ♦r ♣r✐✈❛t❡✮ ❞♦❡s ♥♦t ❝♦✈❡r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s
❛♥❞ t❤❡ ♦✉t✲♦❢✲♣♦❝❦❡t ❝♦sts ❝♦✉❧❞ ❧✐♠✐t t❤❡ s✉❜st✐t✉t✐♦♥ ❛♠♦♥❣ ❧♦✇ ✐♥❝♦♠❡ ♣❛t✐❡♥ts✳✾
❙❡❝♦♥❞✱ t❤❡ s❝❤❡❞✉❧❡ ■ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ♠❛r✐❥✉❛♥❛ ❤✐♥❞❡rs t❤❡ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss ❛♥❞
s✐❣♥✐✜❝❛♥t❧② ❧✐♠✐ts ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s ❢♦r ❝❧✐♥✐❝❛❧ tr✐❛❧s ✭❙t✐t❤ ❛♥❞ ❱✐❣✐❧✱ ✷✵✶✻✮✳ ❚❤❡
✉♥❝❡rt❛✐♥t② ♦❢ ❝❛♥♥❛❜✐s ❛s ❛♥ ❡✛❡❝t✐✈❡ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t ✐♠♣❧✐❡s ❛ ❤✐❣❤❡r s✇✐t❝❤✐♥❣
❝♦st ❛♥❞ ❛ ❧♦✇❡r ❧✐❦❡❧✐❤♦♦❞ t❤❛t ❞♦❝t♦rs s✉❜st✐t✉t❡ ❛✇❛② ❢r♦♠ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥
❞r✉❣s✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♥tr❛❞✐❝t✐♥❣ st❛t❡ ❛♥❞ ❢❡❞❡r❛❧ ❧❛✇s ❛♥❞ ❞♦❝t♦r ❝♦♥❝❡r♥s ♦❢ ❢❡❞❡r❛❧
♣r♦s❡❝✉t✐♦♥ ❛✛❡❝ts ❞♦❝t♦rs✬ ✇✐❧❧✐♥❣♥❡ss t♦ ✏r❡❝♦♠♠❡♥❞✑ ❝❛♥♥❛❜✐s ❢♦r tr❡❛t♠❡♥t✳✶✵,✶✶
❚❤❡r❡❢♦r❡✱ t❤❡ ✐♥❡rt✐❛ ✐♥ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t✱ ✇❤✐❝❤ ✐s ❛❧r❡❛❞② ♣r❡s❡♥t ❛♠♦♥❣ ❜r❛♥❞ ❛♥❞
❣❡♥❡r✐❝ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✱ ✐s ❡①❛❝❡r❜❛t❡❞ ❢♦r ❝❛♥♥❛❜✐s ❜② ❢❡❞❡r❛❧❧② ♣r♦❤✐❜✐t✐✈❡ ❧❛✇s✳
❚❤❡s❡ ♠❡❝❤❛♥✐s♠s✱ ❤♦✇❡✈❡r✱ ❞♦ ♥♦t t❛❦❡ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ t❤❡ ❝❤❛♥❣✐♥❣ ♣❡r❝❡♣✲
t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s✳ ❖✈❡r t❤❡ ♣❛st ✸✵ ②❡❛rs✱ ♠❛r✐❥✉❛♥❛ ❤❛s ❡✈♦❧✈❡❞ ❢r♦♠ ✐ts r❡♣✉t❛t✐♦♥ ❛s
❛ ✏❣❛t❡✇❛②✑ ❞r✉❣ t♦ ❜❡✐♥❣ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t✳ ▼❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✲
✐③❛t✐♦♥ ✐s ♣r❡❝❡❞❡❞ ❜② st❛t❡✲✇✐❞❡ ♣✉❜❧✐❝ ❞❡❜❛t❡ t❤❛t ❛❧❧♦✇s ❢♦r ❧❡❛r♥✐♥❣ t♦ ♦❝❝✉r ❛♠♦♥❣
♣r♦s♣❡❝t✐✈❡ ♣❛t✐❡♥ts✳ ❚❤❡ ♣❡r❝❡✐✈❡❞ r✐s❦✐♥❡ss ♦❢ ❝❛♥♥❛❜✐s ❞❡❝❧✐♥❡s ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❡♥✲
❛❝t♠❡♥t ✐♥❞✐❝❛t✐♥❣ ❛♥ ♦✉t✇❛r❞ s❤✐❢t ✐♥ ♣❛t✐❡♥t ❞❡♠❛♥❞ ✭❲❡♥✱ ❍♦❝❦❡♥❜❡rr② ❛♥❞ ❉r✉ss✱
t❤❛t ✐♥❝❧✉❞❡s r❡❞✉❝✐♥❣ ♠❛r❦❡t✐♥❣ t♦ ♠❛❦❡ t❤❡ ♠❛r❦❡t ❧❡ss ❛♣♣❡❛❧✐♥❣✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥❝❡♥t✐✈❡s ❢♦r
❢♦❧❧♦✇❡r ✭❣❡♥❡r✐❝✮ ❡♥tr② ✐♥ t❤❡✐r ❢r❛♠❡✇♦r❦ ❛r❡ ♥♦t ❞✐r❡❝t❧② ❛♣♣❧✐❝❛❜❧❡ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳
✾❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮ ❛r❣✉❡ t❤❡s❡ ❝♦sts ❛r❡ s✐♠✐❧❛r t♦ ❤✐❣❤ ❝♦✲♣❛②♠❡♥ts ❛ss♦❝✐❛t❡❞ ✇✐t❤
♥❡✇ ❋❉❆✲❛♣♣r♦✈❡❞ ❞r✉❣s✳
✶✵P❤②s✐❝✐❛♥s ❝❛♥♥♦t t❡❝❤♥✐❝❛❧❧② ♣r❡s❝r✐❜❡ ❝❛♥♥❛❜✐s ❞✉❡ t♦ ✐ts ❙❝❤❡❞✉❧❡ ■ st❛t✉s✳ ❍♦✇❡✈❡r✱ ❞♦❝t♦rs
s✐❞❡st❡♣ t❤✐s r❡str✐❝t✐♦♥ ❜② r❡❝♦♠♠❡♥❞✐♥❣ t❤❡ ❞r✉❣ ✐♥st❡❛❞✳
✶✶❏❡✛ ❙❡ss✐♦♥s✱ t❤❡ ❯✳❙✳ ❆tt♦r♥❡② ●❡♥❡r❛❧ ❢r♦♠ ❋❡❜r✉❛r② ✷✵✶✼ t❤r♦✉❣❤ ◆♦✈❡♠❜❡r ✷✵✶✽✱ ♠❛❞❡
♠✉❧t✐♣❧❡ ❝♦♠♠❡♥ts ❛❜♦✉t r❡♣❡❛❧✐♥❣ ♣r♦t❡❝t✐♦♥s ❢♦r t❤❡ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ♠❛r❦❡t ❛♥❞ ❝❛❧❧❡❞ ❢♦r ❣r❡❛t❡r
❡♥❢♦r❝❡♠❡♥t ♦❢ t❤❡ ❈♦♥tr♦❧❧❡❞ ❙✉❜st❛♥❝❡s ❆❝t✳
✾
✷✵✶✾✮✳✶✷ ■♥ ❛❞❞✐t✐♦♥✱ ♣❛t✐❡♥ts ❝❛♥ ♦❜t❛✐♥ ❛ ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ❝❛r❞ ✇✐t❤♦✉t ❝♦♥s✉❧t✐♥❣
t❤❡✐r ✉s✉❛❧ ♣❤②s✐❝✐❛♥✱ t❤✉s ❛✈♦✐❞✐♥❣ t❤❡ s✇✐t❝❤✐♥❣ ❝♦sts ❛r✐s✐♥❣ ❢r♦♠ t❤❡✐r ♦✇♥ ❞♦❝t♦r✬s
r✐s❦ ❛✈❡rs✐♦♥✳
❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞❡♠❛♥❞✲s✐❞❡ ❢❛❝t♦rs ✐♥ t❤❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t ✐s ❡✈✐❞❡♥t
❜② t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♠♦♥❣ ❞♦❝t♦rs ❛♥❞ ❜② t❤❡ r❡s♦✉r❝❡s
❛✈❛✐❧❛❜❧❡ ❢♦r ♣❛t✐❡♥ts t♦ ✏❞♦❝t♦r s❤♦♣✑ ❢♦r ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs✳✶✸ ❆❧t❤♦✉❣❤ s✉r✈❡②
r❡s✉❧ts s✉❣❣❡st ♠♦st ❞♦❝t♦rs ❛r❡ r❡❝❡♣t✐✈❡ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✭❆❞❧❡r ❛♥❞ ❈♦❧❜❡rt✱
✷✵✶✸❀ ❙✐❞❡r✐s ❡t ❛❧✳✱ ✷✵✶✽✮✱ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❞♦❝t♦rs ✉s✐♥❣ ✐t ✐♥ ♣r❛❝t✐❝❡ r❡♠❛✐♥s s♠❛❧❧✳
❇② t❤❡ ❡♥❞ ♦❢ ✷✵✶✻✱ ♦♥❧② ✶ ♣❡r❝❡♥t ♦❢ ▼❛r②❧❛♥❞✬s ✶✻✱✵✵✵ ❞♦❝t♦rs ❤❛❞ r❡❣✐st❡r❡❞ ✇✐t❤
t❤❡ st❛t❡✬s ♠❡❞✐❝❛❧ ♠❛r✐❥✉❛♥❛ ♣r♦❣r❛♠ ✭❈♦❤♥ ❛♥❞ ▼❝❉❛♥✐❡❧s✱ ✷✵✶✻✮✳ ❙✐♠✐❧❛r❧②✱ t❤❡
❋❧♦r✐❞❛ ❇♦❛r❞ ♦❢ ▼❡❞✐❝✐♥❡ ✭✷✵✶✾✮ r❡♣♦rt❡❞ t❤❛t ✽✾ ❞♦❝t♦rs ✇❡r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r ♥❡❛r❧②
✾✺✱✵✵✵ ❝❡rt✐✜❝❛t✐♦♥s ✐♥ ❋❧♦r✐❞❛ ✐♥ ✷✵✶✽ ✭♦✉t ♦❢ ✶✻✽✱✽✶✵ ❝❡rt✐✜❝❛t✐♦♥s✮✳
❯♥❞❡r t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ t❤❡♥✱ t❤❡ r❡s♣♦♥s❡ ✐♥ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ t♦ ❛♥
▼❈▲ ♠❛② ❜❡ ♠✉t❡❞ ❛t ❛❣❣r❡❣❛t❡ ❧❡✈❡❧s ❞✉❡ t♦ ♠♦r❡ s✐❣♥✐✜❝❛♥t ♣❛t✐❡♥t ♣r❡❢❡r❡♥❝❡s ❛♥❞
❛ s♠❛❧❧ s❤❛r❡ ♦❢ ❞♦❝t♦rs t❤❛t ❛❝t✐✈❡❧② r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s✳ ❘❡❣❛r❞❧❡ss✱ t❤❡ ♣❡r✐♦❞s
♣r❡❝❡❞✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ t❤♦s❡ t❤❛t ❢♦❧❧♦✇ ❛r❡ ♦❢ ✐♥t❡r❡st ❜❡❝❛✉s❡
❡❛❝❤ ✇✐❧❧ s❤❡❞ ❧✐❣❤t ♦♥ str❛t❡❣✐❝ ❜❡❤❛✈✐♦rs ♦❢ ✜r♠s ❢❛❝✐♥❣ ♥❡✇ ❝♦♠♣❡t✐t✐♦♥✳
✸ ❉❛t❛
✸✳✶ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❛✇s ❛♥❞ ❉✐s♣❡♥s❛r② ❖♣❡♥✐♥❣s
❖✉r ✐❞❡♥t✐✜❝❛t✐♦♥ r❡❧✐❡s ♦♥ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s
❧❛✇s✳ ❆❧t❤♦✉❣❤ t❤❡ ▼❈▲ ❧✐t❡r❛t✉r❡ ❢♦❝✉s❡s ♦♥ ❧❛✇ ❡♥❛❝t♠❡♥t✱ t❤❡ ❧❛✇s ♠✉st ✜rst
✶✷❆♥❞❡rs♦♥✱ ❍❛♥s❡♥ ❛♥❞ ❘❡❡s ✭✷✵✶✸✮ s❤♦✇ t❤❡ ♣r✐❝❡ ♦❢ ❤✐❣❤ q✉❛❧✐t② ❝❛♥♥❛❜✐s ❞❡❝❧✐♥❡s ❛❢t❡r ❛♥
▼❈▲ ✐s ❡♥❛❝t❡❞ s✉❣❣❡st✐♥❣ ❛ ❧❛r❣❡r ♦✉t✇❛r❞ s❤✐❢t ✐♥ s✉♣♣❧② ❛♥❞ ❛♥ ✉♥❛♠❜✐❣✉♦✉s ✐♥❝r❡❛s❡ ✐♥ ❝❛♥♥❛❜✐s
❝♦♥s✉♠♣t✐♦♥✳
✶✸❚❤❡ ❝♦st t♦ ❧♦❝❛t❡ ♦r ✏s❤♦♣✑ ❢♦r ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs ❤❛s ❜❡❡♥ r❡❞✉❝❡❞ ❜② ♦♥❧✐♥❡ ♣♦st✐♥❣s✱
♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞♦❝t♦r r❡❣✐str✐❡s✱ ❛♥❞ ❞✐s♣❡♥s❛r②✲❝♦♦r❞✐♥❛t❡❞ ✏♣❛t✐❡♥t ❞r✐✈❡s✑ ✇❤❡r❡ ❝♦♥s✉♠❡rs ❝❛♥
♠❡❡t ❛ ❞♦❝t♦r ❛♥❞ ❣❡t t❤❡ r❡q✉✐r❡❞ r❡❝♦♠♠❡♥❞❛t✐♦♥ ♥❡❡❞❡❞ t♦ ❧❡❣❛❧❧② ❛❝q✉✐r❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳
✶✵
❜❡ ♣r♦♣♦s❡❞ ❛♥❞ ❧❡❣❛❧❧② ❛♣♣r♦✈❡❞✳ ❆✛❡❝t❡❞ ❛❣❡♥ts ✇✐❧❧ ❧✐❦❡❧② r❡s♣♦♥❞ t♦ t❤❡ ✐♥✐t✐❛❧
❛♥♥♦✉♥❝❡❞ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✳ ❘❡s✐❞❡♥ts ✇✐❧❧ ❝♦♥s✐❞❡r ❤♦✇ t❤❡ ♣♦❧✐❝② ❛✛❡❝ts t❤❡✐r
❧✐✈❡s✱ ❞♦❝t♦rs ✇✐❧❧ ❡✈❛❧✉❛t❡ ❤♦✇ t❤❡✐r ♣r❛❝t✐❝❡ ✇✐❧❧ ❜❡ ❛✛❡❝t❡❞✱ ❛♥❞ ♣❤❛r♠❛❝❡✉t✐❝❛❧
✜r♠s ✇✐❧❧ ❜❡❤❛✈❡ str❛t❡❣✐❝❛❧❧② ❢❛❝✐♥❣ t❤❡ ♣♦ss✐❜❧❡ ❡♥tr② ♦❢ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♣❡t✐t♦r✳
❚❤❡r❡❢♦r❡✱ t❤❡ ✜rst ❛s♣❡❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✇❡ ❡①❛♠✐♥❡ ✐s t❤❡ ♣r♦♣♦s❛❧
♦❢ ❛♥ ▼❈▲ ❜② ✇❛② ♦❢ ❜❛❧❧♦t ♦r ❧❡❣✐s❧❛t✐✈❡ ✐♥✐t✐❛t✐✈❡✳ ❚❤❡s❡ ❞❛t❡s ❛r❡ ❝♦❧❧❡❝t❡❞ ❢r♦♠
st❛t❡ ✇❡❜s✐t❡s✱ t❤❡ ◆❛t✐♦♥❛❧ ❖r❣❛♥✐③❛t✐♦♥ ❢♦r t❤❡ ❘❡❢♦r♠ ♦❢ ▼❛r✐❥✉❛♥❛ ▲❛✇s ✭◆❖❘▼▲✮✱
✈♦t❡s♠❛rt✳♦r❣✱ ❛♥❞ ❜❛❧❧♦t♣❡❞✐❛✳♦r❣ ❛♥❞ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ✜rst ❝♦❧✉♠♥ ♦❢ ❚❛❜❧❡ ✶✳
❲❡ ❛❧s♦ ❡①❛♠✐♥❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇ ❛♣♣r♦✈❛❧ ❛♥❞ ❡♥❛❝t♠❡♥t ❞❛t❡s✳ ▼❡❞✐❝❛❧
❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ r❡♠♦✈❡s ✉♥❝❡rt❛✐♥t② t❤❛t ❝❛♥♥❛❜✐s ✐s ❡♥t❡r✐♥❣ t❤❡ ♠❛r❦❡t ❛♥❞
t❤✉s ♣♦t❡♥t✐❛❧❧② ❛✛❡❝ts ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❞✐✛❡r❡♥t❧② t❤❛♥ t❤❡ ✐♥✐t✐❛❧ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲✳
▼❈▲ ❡♥❛❝t♠❡♥t ❞❛t❡s ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮ ❛♥❞ ✉♣❞❛t❡❞
t❤r♦✉❣❤ ✷✵✶✽ ✉s✐♥❣ Pr♦❈♦♥✳♦r❣ ✭✷✵✶✾✮✳✶✹
❆❧t❤♦✉❣❤ ▼❈▲s ❝♦♥❞✐t✐♦♥❛❧❧② ❧❡❣❛❧✐③❡ ❝❛♥♥❛❜✐s ❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛❧❧ ❛❞✉❧t r❡s✐✲
❞❡♥ts ✇✐t❤ ❞♦❝t♦r ❛♣♣r♦✈❛❧✱ t❤❡s❡ ❧❛✇s ❞♦ ♥♦t ❡♥s✉r❡ ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s✳ ❉✐s♣❡♥s❛r②
♣r❡s❡♥❝❡ ✐s ❛♥ ✐♠♣♦rt❛♥t ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❧❛t❡✲❛❞♦♣t✐♥❣ ▼❈▲ st❛t❡s✱ ❛♥❞ t❤❡r❡ ✐s s✐❣✲
♥✐✜❝❛♥t ✇✐t❤✐♥✲st❛t❡ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ ❞✐s♣❡♥s❛r② ❛❝❝❡ss ✭❙♠✐t❤✱ ✷✵✷✵✮✳ ❇❡❝❛✉s❡ ❞✐s✲
♣❡♥s❛r✐❡s r❡❞✉❝❡ ♥♦♥♣❡❝✉♥✐❛r② ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝❛♥♥❛❜✐s ❛♥❞ ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤
❣r❡❛t❡r ❝❛♥♥❛❜✐s ✉s❡ ✭❋r❡✐st❤❧❡r ❛♥❞ ●r✉❡♥❡✇❛❧❞✱ ✷✵✶✹❀ P❛❝✉❧❛ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ✇❡ ❛❧s♦
❡①❛♠✐♥❡ t❤✐s ❞✐♠❡♥s✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳
❚♦ ❛✈♦✐❞ ❛♠❜✐❣✉✐t② ❛♥❞ ❧✐♠✐t ♠❡❛s✉r❡♠❡♥t ❡rr♦r ✐♥ ❞✐s♣❡♥s❛r② ♣r❡s❡♥❝❡✱ ✇❡ ❢♦❧✲
❧♦✇ P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥ ✭✷✵✶✽✮ ❛♥❞ ❞❡✜♥❡ ❞✐s♣❡♥s❛r② ♣r❡s❡♥❝❡ ❛s ❛♥ ❛❝t✐✈❡
❞✐s♣❡♥s❛r② ❧❡❣❛❧❧② ♣r♦t❡❝t❡❞ ❛♥❞ r❡❣✉❧❛t❡❞ ❜② ❛ st❛t❡ ▼❈▲✳ ❲❤✐❧❡ ♠♦st ❞✐s♣❡♥s❛r✐❡s
t❤❛t ♦♣❡♥❡❞ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ ❡♥t❡r❡❞ ✐♥t♦ ❛ str✉❝t✉r❡❞ ❛♥❞ ❧❡❣❛❧❧② ♣r♦t❡❝t❡❞
♠❛r❦❡t✱ t❤✐s ✇❛s ♥♦t ❛❧✇❛②s t❤❡ ❝❛s❡✳ ▼❛♥② ❡❛r❧② ❞✐s♣❡♥s❛r✐❡s ♦♣❡♥❡❞ ✇✐t❤♦✉t ❡①♣❧✐❝✐t
✶✹❚❤❡ t✐♠✐♥❣ ♦❢ t❤❡s❡ ❧❛✇s ❛r❡ ❛❧s♦ ❝r♦ss✲r❡❢❡r❡♥❝❡❞ ✇✐t❤ t❤❡ ❞❛t❡s ❧✐st❡❞ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①
♦❢ P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥ ✭✷✵✶✽✮✳ ❲❤❡♥ s♦✉r❝❡s ❝♦♥✢✐❝t ✇✐t❤ ♦♥❡ ❛♥♦t❤❡r✱ t❤❡ ❡❛r❧✐❡st ❞❛t❡ ✐s
✉s❡❞✳
✶✶
❧❡❣❛❧ ♣r♦t❡❝t✐♦♥ ❛♥❞ ♦♣❡r❛t❡❞ ❜② ❡①♣❧♦✐t✐♥❣ ❧♦♦♣❤♦❧❡s ✇✐t❤✐♥ ✈❛❣✉❡❧② ✇r✐tt❡♥ ▼❈▲s✳✶✺
❇② t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✱ ♦♥❧② ▼✐❝❤✐❣❛♥✱ ▼♦♥t❛♥❛✱ ❛♥❞ ❲❛s❤✐♥❣t♦♥
❤❛❞ ❞✐s♣❡♥s❛r✐❡s ♦♣❡r❛t✐♥❣ ✇✐t❤♦✉t ❡①♣❧✐❝✐t ❞✐s♣❡♥s❛r② ♣r♦✈✐s✐♦♥s ✐♥❝❧✉❞❡❞ ✇✐t❤✐♥ t❤❡✐r
st❛t❡ ❝❛♥♥❛❜✐s ❧❛✇✳✶✻ ▼✐❝❤✐❣❛♥ ❜❡❣❛♥ ✐ss✉✐♥❣ ❞✐s♣❡♥s❛r② ❧✐❝❡♥s❡s ✐♥ ✷✵✶✽ ✇❤✐❧❡ ▼♦♥✲
t❛♥❛ ❜❡❣❛♥ r❡❣✐st❡r✐♥❣ ♣r♦✈✐❞❡rs ✐♥ ✷✵✶✼✳ ▲❡❣❛❧ s❛❧❡s ❜❡❣❛♥ ✐♥ ❲❛s❤✐♥❣t♦♥ ✇✐t❤ t❤❡
❛❞✈❡♥t ♦❢ r❡❝r❡❛t✐♦♥❛❧ s❛❧❡s ✐♥ ❏✉❧② ✷✵✶✹✳✶✼ ❚❤❡ ❞❛t❡s ♦❢ ▼❈▲ ❡♥❛❝t♠❡♥t ❛♥❞ ❧❡❣❛❧ ❛♥❞
❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ✐♥❢♦r♠❛t✐♦♥ ❛r❡ ❧✐st❡❞ ✐♥ t❤❡ ❧❛st t✇♦ ❝♦❧✉♠♥s ✐♥ ❚❛❜❧❡ ✶✳ ❇❡❝❛✉s❡
❛♥② r❡s✐❞❡♥t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♣❛t✐❡♥t ❝❛♥ ♣✉r❝❤❛s❡ ❢r♦♠ ❛ ❞✐s♣❡♥s❛r②✱ ✇❡ ❡①❛♠✐♥❡ t❤❡
❝❤❛♥❣❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ❛ ❧❡❣❛❧ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳ ❲❡
❛❧s♦ ❡①❛♠✐♥❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛t t❤❡ ❝♦✉♥t② ❧❡✈❡❧ t♦ ❛❝❝♦✉♥t ❢♦r ✇✐t❤✐♥✲st❛t❡ ❞✐✛❡r❡♥❝❡s
✐♥ ❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ❡①♣♦s✉r❡ t♦ ❝❛♥♥❛❜✐s✳
❚♦ ❛❧❧♦✇ ❢♦r ✇✐t❤✐♥✲st❛t❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s✱ ✇❡ ❝♦♥str✉❝t ❛ ❞✐s♣❡♥✲
s❛r② ❞❛t❛s❡t ❢r♦♠ ❛ s❝r❛♣❡❞ ❞✐r❡❝t♦r② ♦❢ ❞✐s♣❡♥s❛r✐❡s r❡❣✐st❡r❡❞ ♦♥ ❲❡❡❞♠❛♣s✳❝♦♠✳✶✽
❲❡❡❞♠❛♣s✳❝♦♠ ✐s ❛♥ ♦♥❧✐♥❡ ♣❧❛t❢♦r♠ ✇❤❡r❡ ❞✐s♣❡♥s❛r✐❡s ❝❛♥ ❛❞✈❡rt✐s❡ ❢r❡❡❧② ❛♥❞ ❝♦♥✲
s✉♠❡rs ❝❛♥ s❡❛r❝❤ ❢♦r ♠❛r✐❥✉❛♥❛✲r❡❧❛t❡❞ ❜✉s✐♥❡ss❡s ❛♥❞ ♣r♦❞✉❝ts✳ ❇✉s✐♥❡ss ♣❛❣❡s ♦❢t❡♥
✐♥❝❧✉❞❡ ❝♦♥t❛❝t ✐♥❢♦r♠❛t✐♦♥✱ ❛ ❧✐st ♦❢ ♣r♦❞✉❝ts✱ ❝♦rr❡s♣♦♥❞✐♥❣ ♣r✐❝❡s✱ ❧♦❝❛t✐♦♥✱ ❛♥❞
❤♦✉rs ♦❢ ♦♣❡r❛t✐♦♥✳ ❈♦♥s✉♠❡rs✱ ✐♥ t✉r♥✱ ❝❛♥ ♣r♦✈✐❞❡ r❡✈✐❡✇s ♦❢ t❤❡✐r ❡①♣❡r✐❡♥❝❡ ❛t
t❤❡s❡ ❜✉s✐♥❡ss❡s✳ ❇❡❝❛✉s❡ ❲❡❡❞♠❛♣s ❛❧❧♦✇s ❞✐s♣❡♥s❛r✐❡s t♦ ❝♦♠♠✉♥✐❝❛t❡ ✐♥❢♦r♠❛t✐♦♥
t♦ ❝✉st♦♠❡rs r❡❣❛r❞✐♥❣ q✉❛❧✐t② ❛♥❞ ❧♦❝❛t✐♦♥ ❛t ♥♦ ❝♦st✱ t❤❡ ❲❡❡❞♠❛♣s ❞❛t❛❜❛s❡ ❧✐❦❡❧②
✐♥❝❧✉❞❡s ♠♦st ♦♣❡r❛t✐♥❣ ❞✐s♣❡♥s❛r✐❡s✳
❇❡❝❛✉s❡ t❤❡ ❞❛t❛ ❞♦ ♥♦t ✐♥❝❧✉❞❡ ♦♣❡♥✐♥❣ ❞❛t❡s✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ❤❛♥❞✲❝♦❧❧❡❝t❡❞
✶✺❯♥✲r❡❣✉❧❛t❡❞ q✉❛s✐✲❞✐s♣❡♥s❛r✐❡s ✇❡r❡ ♠♦r❡ ♣r❡✈❛❧❡♥t ✐♠♠❡❞✐❛t❡❧② ❢♦❧❧♦✇✐♥❣ t❤❡ ✷✵✵✾ ❖❣❞❡♥ ▼❡♠✲
♦r❛♥❞✉♠ ❛♥❞ ❡✐t❤❡r ❛❞❛♣t❡❞ t♦ ❝❤❛♥❣❡s ✐♥ r❡❣✉❧❛t✐♦♥s ♦r s❤✉t ❞♦✇♥ ❛s st❛t❡s ❛❞♦♣t❡❞ ♠❡❛s✉r❡s t♦
r❡❣✉❧❛t❡ t❤❡ ♥❡✇❧② ❢♦r♠❡❞ ♠❛r❦❡ts✳ ❙❡❡ ❙♠✐t❤ ✭✷✵✷✵✮ ❢♦r ❞❡s❝r✐♣t✐♦♥ ♦❢ ♠❛r✐❥✉❛♥❛ ❣r❛② ♠❛r❦❡ts ❛♥❞
q✉❛s✐✲❞✐s♣❡♥s❛r② ♦♣❡r❛t✐♦♥s✳
✶✻■♥ ♦✉r ❛♥❛❧②s✐s ♦❢ t❤❡ ✐♠♣❛❝t ♦❢ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r✐❡s ♦♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣✱ ❛♥ ❛❝t✐✈❡ ❞✐s♣❡♥✲
s❛r② ✇✐t❤♦✉t ❧❡❣❛❧ ♣r♦t❡❝t✐♦♥s ✐s ❝♦♥s✐❞❡r❡❞ ✉♥tr❡❛t❡❞✳
✶✼❆❧t❤♦✉❣❤ ❲❛s❤✐♥❣t♦♥ ❛❧❧♦✇❡❞ ❢♦r ❝♦❧❧❡❝t✐✈❡ ❣❛r❞❡♥s ♣r✐♦r t♦ ✷✵✶✹✱ ✇❡ ✉s❡ t❤❡ ❞❛t❡ ♦❢ ❧❡❣❛❧ r❡❝r❡✲
❛t✐♦♥❛❧ s❛❧❡s ❢♦r ✏❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡✑ ❞✐s♣❡♥s❛r② ❛❝t✐✈✐t✐❡s ❢♦r ❝♦♥s✐st❡♥❝② ❛❝r♦ss st❛t❡s✳ ❚❤❡ r❡s✉❧ts ❛r❡
q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r ✉s✐♥❣ ❡✐t❤❡r ❞❡✜♥✐t✐♦♥✳
✶✽❚❤❡ ❞❛t❛ ✇❡r❡ s❝r❛♣❡❞ ❢r♦♠ t❤❡ ❲❡❡❞♠❛♣s✳❝♦♠ ❞✐r❡❝t♦r② ✐♥ ❆♣r✐❧ ✷✵✶✾✳
✶✷
✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ st❡♣s✳ ❊❛❝❤ ❞✐s♣❡♥s❛r② ✐♥ t❤❡ ❲❡❡❞♠❛♣s ❞✐r❡❝t♦r② ✐s ❛ss✐❣♥❡❞ ❛
♥✉♠❡r✐❝❛❧ r❡❣✐str❛t✐♦♥ ■❉ ✇❤❡♥ t❤❡② s❡t ✉♣ ❛ ❜✉s✐♥❡ss ❛❝❝♦✉♥t✳ ❲❡ ❣r♦✉♣ t❤❡ ❞✐s♣❡♥✲
s❛r✐❡s ❜② t❤❡✐r ❝♦✉♥t② ❛♥❞ ✉s❡ t❤❡ ❧♦✇❡st ❲❡❡❞♠❛♣s r❡❣✐str❛t✐♦♥ ■❉ ✇✐t❤✐♥ ❡❛❝❤ ❝♦✉♥t②
t♦ ✐❞❡♥t✐❢② t❤❡ ❡❛r❧✐❡st r❡❣✐st❡r✐♥❣ ❞✐s♣❡♥s❛r② ✐♥ t❤❡ ❛r❡❛✳ ❲❡ t❤❡♥ ❝♦♥s✉❧t ❜✉s✐♥❡ss
✇❡❜ ♣❛❣❡s ❛♥❞ s♦❝✐❛❧ ♠❡❞✐❛ ❛❝❝♦✉♥ts✱ ❜✉s✐♥❡ss ❧✐❝❡♥s❡ r❡❝♦r❞s✱ ❛♥❞ ❧♦❝❛❧ ♥❡✇s s♦✉r❝❡s
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♦♣❡♥✐♥❣ ❞❛t❡ ♦❢ t❤❡s❡ ❞✐s♣❡♥s❛r✐❡s✳ ▲❛st✱ ❦❡②✇♦r❞ s❡❛r❝❤❡s ❛♥❞ ♠❡❞✐❛
s♦✉r❝❡s ❛r❡ ✉s❡❞ t♦ ❝♦♥✜r♠ t❤❡ ❞✐s♣❡♥s❛r② ✇✐t❤ t❤❡ ❧♦✇❡st ❲❡❡❞♠❛♣s ■❉ ✇❛s ❛❝t✉❛❧❧②
t❤❡ ✜rst ✐♥ ❛ ❣✐✈❡♥ ❝♦✉♥t②✳✶✾
❲❤✐❧❡ t❤❡ ❲❡❡❞♠❛♣s ❞✐r❡❝t♦r② ❧✐❦❡❧② ✐♥❝❧✉❞❡s ♠♦st ❛❝t✐✈❡ ❞✐s♣❡♥s❛r✐❡s✱ t❤❡r❡ ❛r❡
❧✐♠✐t❛t✐♦♥s t♦ t❤❡ ❞❛t❛✳ ❉✐s♣❡♥s❛r✐❡s ♠❛② ❝❤♦♦s❡ ♥♦t t♦ r❡❣✐st❡r ✇✐t❤ ❲❡❡❞♠❛♣s t♦
❛✈♦✐❞ ❞❡t❡❝t✐♦♥✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ ✏❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡✑ ❞✐s♣❡♥s❛r✐❡s ❛r❡ ❧✐❝❡♥s❡❞ ❛♥❞
❧❡❣❛❧❧② ♣r♦t❡❝t❡❞ ❜② st❛t❡ ❛♥❞ ❧♦❝❛❧ ❧❛✇s✱ t❤❡ ❜❡♥❡✜ts ❢r♦♠ ✈✐s✐❜✐❧✐t② ❛♥❞ ❛❞✈❡rt✐s✐♥❣
♦♥ ❲❡❡❞♠❛♣s ❡①❝❡❡❞ t❤❡ ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ r✐s❦ ♦❢ ❝r✐♠✐♥❛❧ ♣r♦s❡❝✉t✐♦♥✳ ❲❡
❛❧s♦ s✉♣♣❧❡♠❡♥t t❤❡ ❲❡❡❞♠❛♣s ❞❛t❛ ✇✐t❤ st❛t❡ r❡❣✐str✐❡s ❛♥❞ t❛① r❡✈❡♥✉❡ r❡♣♦rts ✇❤❡♥
❛✈❛✐❧❛❜❧❡✳ ❚❤❡r❡❢♦r❡✱ ♦✉r ✏❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡✑ ❞❡✜♥✐t✐♦♥ ♦❢ ❞✐s♣❡♥s❛r✐❡s ❧✐♠✐ts t❤❡ ♣♦t❡♥t✐❛❧
❢♦r ♠❡❛s✉r❡♠❡♥t ❡rr♦r ✐♥ t❤❡ ❞✐s♣❡♥s❛r② ✈❛r✐❛❜❧❡ ❛♥❞ ❛❧❧♦✇s ❢♦r ❝♦♥s✐st❡♥❝② ✇✐t❤ r❡❧❛t❡❞
st✉❞✐❡s ✭❡✳❣✳ s❡❡ P♦✇❡❧❧✱ P❛❝✉❧❛ ❛♥❞ ❏❛❝♦❜s♦♥✱ ✷✵✶✽✮✳
✸✳✷ Pr♦♠♦t✐♦♥s t♦ P❤②s✐❝✐❛♥s
❘❡❝♦r❞s ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❯✳❙✳ ❈❡♥t❡rs ❢♦r ▼❡❞✐❝❛r❡ ❛♥❞ ▼❡❞✲
✐❝❛✐❞ ❙❡r✈✐❝❡s ✭❈▼❙✮ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛❜❛s❡✳ ❚❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛ ✇❛s ❡s✲
t❛❜❧✐s❤❡❞ ❛s ♣❛rt ♦❢ t❤❡ ❆✛♦r❞❛❜❧❡ ❈❛r❡ ❆❝t t♦ ♣r♦✈✐❞❡ ❣r❡❛t❡r tr❛♥s♣❛r❡♥❝② ♦♥ t❤❡
✜♥❛♥❝✐❛❧ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ ♣❤②s✐❝✐❛♥s ❛♥❞ t❤❡ ❤❡❛❧t❤ ❝❛r❡ ❝♦♠♣❛♥✐❡s ✇❤♦s❡ ♣r♦❞✲
✉❝ts t❤❡ ♣❤②s✐❝✐❛♥s ❛r❡ ♣r❡s❝r✐❜✐♥❣✳ ❚❤❡ ❞❛t❛ ❞❡s❝r✐❜❡ ❛❧❧ ❞❡t❛✐❧✐♥❣ ❢r♦♠ ❤❡❛❧t❤ ❝❛r❡
✶✾❈❛❧✐❢♦r♥✐❛ ✐s ♦♠✐tt❡❞ ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ✐t ❡①♣❡r✐❡♥❝❡s ✉♥❧✐❝❡♥s❡❞ ❞✐s♣❡♥s❛r② ❛❝t✐✈✐t✐❡s t❤❛t ❝❛✉s❡
❞✐sr✉♣t✐♦♥s ✐♥ ✏tr❡❛t♠❡♥t✑ ❛t ❧♦❝❛❧ ❧❡✈❡❧s✳ ❈❛♥♥❛❜✐s ♣r♦♣♦s❛❧ ❛♥❞ ❧❡❣❛❧✐③❛t✐♦♥ ✐♥ ❈❛❧✐❢♦r♥✐❛ ♦❝❝✉rr❡❞
✇❡❧❧ ❜❡❢♦r❡ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ ❛♥❞ ❞♦❡s ♥♦t ❛✛❡❝t ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣②✳
✶✸
❝♦♠♣❛♥✐❡s t♦ ❛ ❤❡❛❧t❤ ❝❛r❡ ♣r♦✈✐❞❡r ✭❡✳❣✳ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥② t♦ ♣❤②s✐❝✐❛♥s✮ ❛♥❞
✐♥❝❧✉❞❡s t❤❡ ❞♦❧❧❛r ❛♠♦✉♥t✱ r❡❛s♦♥ ❢♦r ♣❛②♠❡♥t ✭❡✳❣✳ ❢♦r ✇❤✐❝❤ ❞r✉❣✮✱ ❛♥❞ t②♣❡ ♦❢
♣❛②♠❡♥t ✭❡✳❣✳ ♠❡❛❧s✱ tr❛✈❡❧✱ ♣r❡s❡♥t❛t✐♦♥ ❢❡❡s✱ ❡t❝✳✮✳ ❯♥❞❡r t❤❡ P❤②s✐❝✐❛♥ P❛②♠❡♥ts
❙✉♥s❤✐♥❡ ❆❝t✱ ❛♣♣❧✐❝❛❜❧❡ ♠❛♥✉❢❛❝t✉r❡rs ❛♥❞ ❣r♦✉♣ ♣✉r❝❤❛s✐♥❣ ♦r❣❛♥✐③❛t✐♦♥s ✭●P❖s✮
❛r❡ r❡q✉✐r❡❞ t♦ r❡♣♦rt ♣❛②♠❡♥ts ❛♥❞ ♦t❤❡r tr❛♥s❢❡rs ♦❢ ✈❛❧✉❡ ❣✐✈❡♥ t♦ ♣❤②s✐❝✐❛♥s ❛♥❞
t❡❛❝❤✐♥❣ ❤♦s♣✐t❛❧s✳✷✵
❋r♦♠ t❤❡ ❝♦♠♣r❡❤❡♥s✐✈❡ ❧✐st ♦❢ ✜♥❛♥❝✐❛❧ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❤❡❛❧t❤ ❝❛r❡ ❝♦♠✲
♣❛♥✐❡s ❛♥❞ ♣❤②s✐❝✐❛♥s✱ ✇❡ ❢♦❝✉s ♦♥ ❡♥t❡rt❛✐♥♠❡♥t✲r❡❧❛t❡❞ ❣❡♥❡r❛❧ ♣✉r♣♦s❡ ♣❛②♠❡♥ts✳
❆❧❧ ❡♥tr✐❡s ✐♥ t❡❛❝❤✐♥❣ ❤♦s♣✐t❛❧s ❛♥❞ t❤♦s❡ t❤❛t ❛r❡ r❡s❡❛r❝❤✲ ♦r ♦✇♥❡rs❤✐♣✲r❡❧❛t❡❞ ✭❡✳❣✳
r♦②❛❧t✐❡s✮ ❛r❡ ♦♠✐tt❡❞✳ ❆ s♠❛❧❧ ♣❡r❝❡♥t ♦❢ t❤❡ ❞❛t❛ ✭❛♣♣r♦①✐♠❛t❡❧② ✸✳✺✪ ♦❢ ❞r✉❣s
❜❡t✇❡❡♥ ✷✵✶✸ ❛♥❞ ✷✵✶✽✮ ❝♦♥t❛✐♥ ✐♥❛❝❝✉r❛t❡ ♦r ✐♠♣r❡❝✐s❡ ✐♥❢♦r♠❛t✐♦♥ r❡❣❛r❞✐♥❣ ❞r✉❣
♥❛♠❡s✳ ❆s s✉❝❤✱ ✇❡ ❢✉rt❤❡r r❡str✐❝t t❤❡ s❛♠♣❧❡ t♦ ❞r✉❣s ✇❤♦s❡ ◆❉❈ ❝♦❞❡s ♦r ♥❛♠❡s
♠❛t❝❤ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ◆❉❈ r❡❣✐str②✳ ❲❤✐❧❡ t❤❡ ❞❛t❛ ❝♦♥t❛✐♥ st❛t❡✱ ③✐♣ ❝♦❞❡ ❛♥❞
str❡❡t ❛❞❞r❡ss ✐♥❢♦r♠❛t✐♦♥✱ t❤❡ ❞❛t❛ ❞♦ ♥♦t ✐♥❝❧✉❞❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦✉♥t✐❡s✳ ❲❡ ❛❞❞
t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❜② ♠❛t❝❤✐♥❣ ③✐♣ ❝♦❞❡s ✇✐t❤ ❝♦✉♥t② ❋■P❙ ❢r♦♠ t❤❡ ❯❙P❙ ❈r♦ss✇❛❧❦✳✷✶
❖✉r ✜♥❛❧ s❛♠♣❧❡ ✐♥❝❧✉❞❡s ❛❧❧ ❦♥♦✇♥ ♣r❡s❝r✐♣t✐♦♥✲❞r✉❣ r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ✐♥ t❤❡ ❢♦r♠ ♦❢
♠❡❛❧s✱ tr❛✈❡❧✱ ❛♥❞ ❣❡♥❡r❛❧ ❡♥t❡rt❛✐♥♠❡♥t ❛❣❣r❡❣❛t❡❞ t♦ t❤❡ ❝♦✉♥t②✲q✉❛rt❡r✲②❡❛r ❧❡✈❡❧
❢♦r ❛ t♦t❛❧ ♦❢ ✺✽✱✺✽✺ ♦❜s❡r✈❛t✐♦♥s s♣❛♥♥✐♥❣ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽✳
❲❡ ❡①❛♠✐♥❡✱ s❡♣❛r❛t❡❧②✱ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦r ❞r✉❣s ✐♥ ✇❤✐❝❤ ❝❛♥♥❛❜✐s ❝♦✉❧❞ ❜❡
❝♦♥s✐❞❡r❡❞ ❛ s✉❜st✐t✉t❡✳ ❚♦ ✐❞❡♥t✐❢② ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s t❤❛t ❛r❡ s✉❜st✐t✉t❡s ✐♥ tr❡❛t♠❡♥t
❢♦r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♣♣r♦✈❡❞ ❝♦♥❞✐t✐♦♥s✱ ✇❡ ✉s❡ t❤❡ ❧✐st ♦❢ ▼✉❧t✉♠ ❚✐❡r ✷ ❉r✉❣ ❈❧❛ss❡s
❢r♦♠ ❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮✳ ❲❡ ❧✐♥❦ t❤❡s❡ ❞r✉❣ ❝❧❛ss❡s t♦ t❤❡✐r ✐♥❞✐✈✐❞✉❛❧
♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✉s✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ ❘①▼✐①✱ ❛ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❧✐❜r❛r② ❞❡✈❡❧♦♣❡❞
❜② t❤❡ ◆❛t✐♦♥❛❧ ▲✐❜r❛r② ♦❢ ▼❡❞✐❝✐♥❡✳ ❙✉❜st✐t✉t❡s ❛r❡ ❞❡✜♥❡❞ ❛s ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s t❤❛t
✷✵❘❡❝❡✐✈✐♥❣ ♣❤②s✐❝✐❛♥s ❛♥❞ t❡❛❝❤✐♥❣ ❤♦s♣✐t❛❧s ♠❛② r❡✈✐❡✇ t❤❡s❡ r❡♣♦rt❡❞ ♣❛②♠❡♥ts ❛♥❞ r❡✈✐s❡ t❤❡♠
❜❡❢♦r❡ ♣✉❜❧✐❝❛t✐♦♥✳
✷✶❩✐♣ ❝♦❞❡s t❤❛t ♦✈❡r❧❛♣ ✷ ❝♦✉♥t✐❡s ❣❡t ❛ss✐❣♥❡❞ t♦ t❤❡ ❝♦✉♥t② ✇❤❡r❡ t❤❡ ♠♦st ❜✉s✐♥❡ss❡s ✐♥ t❤❡ ③✐♣
❝♦❞❡ ❛r❡ ❧♦❝❛t❡❞✳
✶✹
❛r❡ ✉s❡❞ t♦ tr❡❛t t❤❡ s❛♠❡ ❝♦♥❞✐t✐♦♥s ❛s ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❚❤✐s ❧✐st ♦❢ ❞r✉❣s ✐♥❝❧✉❞❡s
❜♦t❤ ♦♥✲ ❛♥❞ ♦✛✲❧❛❜❡❧ ✉s❡s✳✷✷
❆s ❛ s✉❜s❡t ♦❢ s✉❜st✐t✉t❡ ❞r✉❣s✱ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡ ❛r❣✉❡s ❛ ❧✐♥❦ ❜❡t✇❡❡♥ ✐✮ ♠❡❞✲
✐❝❛❧ ❝❛♥♥❛❜✐s ❛♥❞ ♦♣✐♦✐❞ ♣r❡s❝r✐♣t✐♦♥s ❛♥❞ ✐✐✮ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❛♥❞ ♦♣✐♦✐❞ ♣r❡s❝r✐♣t✐♦♥s✳
❚♦ t❤❡ ❡①t❡♥t t❤❛t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛✛❡❝ts ♦✣❝❡ ❞❡t❛✐❧✐♥❣✱ ✐t ✐s r❡❛s♦♥❛❜❧❡ t♦ ❜❡❧✐❡✈❡
t❤❛t t❤❡r❡ ♠❛② ❜❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ r❡s♣♦♥s❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦r ♦♣✐♦✐❞s✳ ❲❡ ✉s❡
◆❉❈ ❝♦❞❡s ❢r♦♠ t❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛ t♦ ❝r❡❛t❡ ❛♥ ✐♥❞✐❝❛t♦r ❢♦r ♠❛r❦❡t✐♥❣ ❡♥tr✐❡s
t❤❛t ✐♥✈♦❧✈❡ ♣r❡s❝r✐♣t✐♦♥ ♦♣✐♦✐❞ ❞r✉❣s✳
▲❛st✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ ❞❡t❛✐❧✐♥❣ ❛❝r♦ss
♠❛r❦❡t str✉❝t✉r❡s✳ P❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ✇✐t❤ ❛ ❧❛r❣❡ ♠❛r❦❡t s❤❛r❡ ✭❛s ♠❡❛s✉r❡❞
❜② ❞r✉❣ s❛❧❡s✮ ♠❛② ❜❡ ❧❡ss t❤r❡❛t❡♥❡❞ ❜② ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♥❞✱ ✐♥ t✉r♥✱ ❧❡ss ❧✐❦❡❧② t♦
❛❞❥✉st t❤❡✐r ♦✣❝❡ ❞❡t❛✐❧✐♥❣✳ ❙✐♠✐❧❛r❧②✱ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦r s♣❡❝✐✜❝ ❞r✉❣s ✇✐t❤ ❛ ❧❛r❣❡
s❛❧❡s ✈♦❧✉♠❡ ♠❛② ❜❡ ❧❡ss s❡♥s✐t✐✈❡ t♦ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❯s✐♥❣ ❞❛t❛
♦♥ ♣r♦❞✉❝t s❛❧❡s ♦❢ ♠❛❥♦r ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ❢r♦♠ P❤❛r♠❛❈♦♠♣❛ss✱ ✇❡ ❝r❡❛t❡
❛♥ ✐♥❞✐❝❛t♦r ❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ r❡❛❝❤❡s s❛❧❡s ✇♦rt❤ ✩✶ ❜✐❧❧✐♦♥ ✐♥ ❛♥②
②❡❛r t♦ ✐❞❡♥t✐❢② ❜❧♦❝❦❜✉st❡r ❞r✉❣s✱ ❛♥❞ ❛♥♦t❤❡r ✐♥❞✐❝❛t♦r ❡q✉❛❧ t♦ ♦♥❡ ❢♦r t❤❡ ❝♦♠♣❛♥②
t❤❛t ❝r❡❛t❡❞ t❤❡ ❞r✉❣✳ ❲❡ ✉s❡ t❤❡s❡ ✐♥❞✐❝❛t♦rs t♦ t❡st ❢♦r ❞✐✛❡r❡♥❝❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣
❜❡t✇❡❡♥ ✐✮ s♠❛❧❧ ❛♥❞ ❧❛r❣❡ s✐③❡❞ ❝♦♠♣❛♥✐❡s ❛♥❞ ✐✐✮ ❤✐❣❤ ❛♥❞ ❧♦✇ ✈♦❧✉♠❡ ♣r❡s❝r✐♣t✐♦♥
❞r✉❣s✳
❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞❡t❛✐❧✐♥❣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳ ◆♦♥✲❞r✉❣ r❡❧❛t❡❞ ♣❛②♠❡♥ts
✭❡✳❣✳ ❣❛✉③❡ ♦r s②r✐♥❣❡s✮ ❛r❡ ♦♥ ❛✈❡r❛❣❡ ❧❛r❣❡r✱ t❤♦✉❣❤ ❧❡ss ❢r❡q✉❡♥t t❤❛♥ ❞r✉❣✲r❡❧❛t❡❞
❞❡t❛✐❧✐♥❣✳ ❆ t♦t❛❧ ♦❢ 11, 930, 354 ❞r✉❣✲r❡❧❛t❡❞ ♣❛②♠❡♥ts ✇❡r❡ ♠❛❞❡ t♦ ▼❉s ✐♥ ♥♦♥✲
▼❈▲ st❛t❡s ❛t ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ✩✷✻ ♣❡r ♣❛②♠❡♥t✳✷✸ ▼❉s ✐♥ st❛t❡s t❤❛t ✐♠♣❧❡♠❡♥t ❛♥
▼❈▲ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞ r❡❝❡✐✈❡❞ ♠♦r❡ ❢r❡q✉❡♥t ❞❡t❛✐❧✐♥❣ ❛t ❛ ❤✐❣❤❡r ❛✈❡r❛❣❡
✷✷❚❤❡ ♠❛✐♥ s♦✉r❝❡ ❢♦r ♦✛✲❧❛❜❡❧ ✉s❡s ✐♥ ❘①▼✐① ❝♦♠❡ ❢r♦♠ ❉r✉❣ ❇❛♥❦✱ s✉❝❤ ❛s✿
❤tt♣s✿✴✴✇✇✇✳❞r✉❣❜❛♥❦✳❝❛✴❞r✉❣s✴❉❇✵✵✺✼✶✳
✷✸❚❤❡ t❡r♠ ✏♣❛②♠❡♥ts✑ ✐s ✉s❡❞ ❢♦r ❜r❡✈✐t② ❛♥❞ ✐t ✐♥❝❧✉❞❡s t❤❡ ✈❛r✐♦✉s ❢♦r♠s ♦❢ ❞❡t❛✐❧✐♥❣ ❞❡s❝r✐❜❡❞
❡❛r❧✐❡r ✐♥ t❤✐s s❡❝t✐♦♥✳
✶✺
❞♦❧❧❛r ✈❛❧✉❡ t❤❛♥ ▼❉s ✐♥ ♥♦♥✲▼❈▲ st❛t❡s✳ ❖♣✐♦✐❞✲r❡❧❛t❡❞ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ♠❛❦❡s ✉♣
t❤❡ s♠❛❧❧❡st ♣❛②♠❡♥ts t♦ ♠♦st ♣❤②s✐❝✐❛♥s ✇✐t❤✱ ♦♥ ❛✈❡r❛❣❡✱ ♦♥❧② ✩✷✵✳ ❋✉rt❤❡r✱ t❤❡
♥✉♠❜❡r ♦❢ ♣❛②♠❡♥ts ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♦♣✐♦✐❞s ✐s r❡❧❛t✐✈❡❧② ❧♦✇✱ ♠❛❦✐♥❣ ✉♣ ❧❡ss t❤❛♥
✶✪ ♦❢ ♣❛②♠❡♥ts ❢♦r ♠♦st ♣❤②s✐❝✐❛♥ t②♣❡s✳ ❙✉❜st✐t✉t❡ ❞r✉❣ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇s ❛ s✐♠✐❧❛r
♣❛tt❡r♥ t♦ ♦♣✐♦✐❞s ❛♥❞ ✐s ❧❡ss ❢r❡q✉❡♥t ❛♥❞ s♠❛❧❧❡r ♦♥ ❛✈❡r❛❣❡ t❤❛♥ ♦t❤❡r ❞❡t❛✐❧✐♥❣
❡♥tr✐❡s✳ ❋✐♥❛❧❧②✱ ❞❡t❛✐❧✐♥❣ ❢♦r ♥♦♥✲❜❧♦❝❦❜✉st❡r ❞r✉❣s ❛♥❞ ❜② ♥♦♥✲❜✐❣ ♣❤❛r♠❛❝❡✉t✐❝❛❧
❝♦♠♣❛♥✐❡s ✭❛s ♣r❡✈✐♦✉s❧② ❞❡✜♥❡❞✮ ❛r❡ ❧❛r❣❡r ✐♥ ✈❛❧✉❡ t❤❛♥ ♦t❤❡r t②♣❡s ♦❢ ❞❡t❛✐❧✐♥❣ ❛♥❞
♦❝❝✉r ♠♦r❡ ❢r❡q✉❡♥t❧② ✐♥ st❛t❡s t❤❛t ❛❞♦♣t ❛♥ ▼❈▲ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✳
❲❡ ❝♦♠♣❧❡♠❡♥t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞❛t❛ ❛♥❞ ❖♣❡♥ P❛②♠❡♥ts ❉❛t❛ ✇✐t❤ ❝♦✉♥t②
❧❡✈❡❧ ✐♥❢♦r♠❛t✐♦♥ ♦♥ s♦❝✐♦❞❡♠♦❣r❛♣❤✐❝ ❝❤❛r❛❝t❡r✐st✐❝s ❢r♦♠ t❤❡ ❯✳❙✳ ❈❡♥s✉s ❇✉r❡❛✉✱
❝♦✉♥t② ❧❡✈❡❧ ❤❡❛❧t❤ ❝❛r❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❆r❡❛ ❍❡❛❧t❤ ❘❡s♦✉r❝❡ ❋✐❧❡s✱ ❛♥❞ ♠❛♥❞❛✲
t♦r② ❛❝❝❡ss ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ♠♦♥✐t♦r✐♥❣ ♣r♦❣r❛♠ ❧❛✇s ❢r♦♠ ❇✉❝❤♠✉❡❧❧❡r ❛♥❞ ❈❛r❡②
✭✷✵✶✽✮✱ ◆❣✉②❡♥✱ ❇r❛❞❢♦r❞ ❛♥❞ ❙✐♠♦♥ ✭✷✵✶✾❛✮✱ ❛♥❞ t❤❡ Pr❡s❝r✐♣t✐♦♥ ❉r✉❣ ❆❜✉s❡ P♦❧✐❝②
❙②st❡♠✳
✸✳✸ P❛tt❡r♥s ❛♥❞ ❊✈♦❧✉t✐♦♥ ♦❢ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❛✇s ❛♥❞ ❖❢✲
✜❝❡ ❉❡t❛✐❧✐♥❣
❆❧t❤♦✉❣❤ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✇❛s ❛❧r❡❛❞② ❧❡❣❛❧ ✐♥ ✶✽ ♦❢ ✸✸ st❛t❡s ♣r✐♦r t♦ ♦✉r s❛♠♣❧❡
♣❡r✐♦❞✱ ❛❝❝❡ss t♦ t❤❡ ❞r✉❣ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ✇❛s ♦♥❧② ❛✈❛✐❧❛❜❧❡
✐♥ ✼ st❛t❡s✳ P❛♥❡❧ ✭❛✮ ✐♥ ❋✐❣✉r❡ ✸ ❝♦♠♣❧❡♠❡♥ts ❚❛❜❧❡ ✶ ❛♥❞ ❞❡♣✐❝ts t❤❡ ♥✉♠❜❡r ♦❢
❝♦✉♥t✐❡s ❡①♣♦s❡❞ t♦ ♣r♦♣♦s❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱ t❤❡ t♦t❛❧ ❝♦✉♥t✐❡s ✐♥ st❛t❡s
t❤❛t ❛♣♣r♦✈❡ ❛♥ ▼❈▲✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦✉♥t✐❡s ✇✐t❤ ❛❝❝❡ss t♦ ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡
❞✐s♣❡♥s❛r②✳ ❙t❛t❡✲ ❛♥❞ ❝♦✉♥t②✲❧❡✈❡❧ ❡①♣♦s✉r❡ t♦ ❞✐s♣❡♥s❛r✐❡s ❛r❡ ♣❧♦tt❡❞ s❡♣❛r❛t❡❧②
t♦ ❡♠♣❤❛s✐③❡ ✇✐t❤✐♥✲st❛t❡ ✈❛r✐❛t✐♦♥ ✐♥ ❞✐s♣❡♥s❛r✐❡s ❛♥❞ ✐❧❧✉str❛t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ t♦
❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❝❛♥♥❛❜✐s ❛❝❝❡ss ❛t ❡❛❝❤ ❣❡♦❣r❛♣❤✐❝ ❧❡✈❡❧✳ ❲❤✐❧❡ ✼✾✻ ❝♦✉♥t✐❡s ❤❛❞
❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s t❤r♦✉❣❤ ❛ st❛t❡✲r❡❣✉❧❛t❡❞ ❞✐s♣❡♥s❛r② ✐♥ ✷✵✶✽◗✶✱ ♦♥❧② ✷✽✸
✶✻
❝♦✉♥t✐❡s ❤❛❞ ❛ ❞✐s♣❡♥s❛r② ♦♣❡r❛t✐♥❣ ✇✐t❤✐♥ t❤❡ ❝♦✉♥t②✳ ❚❤❡r❡❢♦r❡✱ ♣❛t✐❡♥ts ❛♥❞ ❧♦❝❛❧
♠❛r❦❡ts ♠❛② ♥♦t r❡s♣♦♥❞ ✐❢ ❛ ❞✐s♣❡♥s❛r② ✐s ♥♦t ❛❝t✐✈❡ ❧♦❝❛❧❧②✳
❚♦ ❝♦♠♣❛r❡ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❧❡✈❡❧s ✇✐t❤ ❡①♣♦s✉r❡ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✱ ✐♥ P❛♥❡❧
✭❜✮ ✐♥ ❋✐❣✉r❡ ✸ ✇❡ ♣❧♦t t❤❡ ❧❡✈❡❧ ♦❢ ♣❛②♠❡♥ts ♣❡r ❞♦❝t♦r ♦✈❡r t✐♠❡✳ ❋♦r ❜♦t❤ ▼❈▲ ❛♥❞
♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s✱ ✇❡ ♦❜s❡r✈❡ ❝②❝❧✐❝❛❧ ❞❡t❛✐❧✐♥❣ t❤❛t s❧✐❣❤t❧② ❞❡❝❧✐♥❡s ✐♥ ❧❛t❡r ♣❡r✐♦❞s✳
❍♦✇❡✈❡r✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ▼❈▲ ❛♥❞ ♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s ✐s ❧❛r❣❡❧② ✉♥❝❤❛♥❣❡❞✳
❆ s✐♠✐❧❛r ♣❛tt❡r♥ ❡♠❡r❣❡s ✇❤❡♥ ✇❡ ❡①❛♠✐♥❡ ❝❤❛♥❣❡s ✐♥ ❝❛♥♥❛❜✐s ❛❝❝❡ss ❛♥❞ ♦✣❝❡
❞❡t❛✐❧✐♥❣ ✇✐t❤✐♥ st❛t❡s✳ ■♥ ❋✐❣✉r❡ ✹ ✇❡ ❞❡♣✐❝t t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ ❧❡❣❛❧ ❛❝❝❡ss ♣♦✐♥ts t♦
❝❛♥♥❛❜✐s ❜② ❝♦♠♣❛r✐♥❣ ❝♦✉♥t✐❡s ✇✐t❤ ❞✐s♣❡♥s❛r✐❡s ✐♥ ✷✵✶✹ t♦ ❝♦✉♥t✐❡s ✇✐t❤ ❞✐s♣❡♥s❛r✐❡s
✐♥ ✷✵✶✽✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ✇❡ ♠❛♣ ❝♦✉♥t②✲❧❡✈❡❧ ❞❡t❛✐❧✐♥❣ ✐♥ ❋✐❣✉r❡ ✺✱ ✇❡ s❡❡ ♥♦ ♦❜✈✐♦✉s
❞✐✛❡r❡♥❝❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❛❝r♦ss ▼❈▲ ❛♥❞ ♥♦♥✲▼❈▲ st❛t❡s✳ ❲❤✐❧❡ st❛t❡s ✐♥ t❤❡
✇❡st ❣❡♥❡r❛❧❧② ❤❛✈❡ ❣r❡❛t❡r ❛❝❝❡ss t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✭❛s ♠❡❛s✉r❡❞ ❜② ❛♥ ♦♣❡♥ ❛♥❞
❧❡❣❛❧ ❞✐s♣❡♥s❛r② ✐♥ ❛ ❝♦✉♥t②✮✱ t❤❡ ❣❡♦❣r❛♣❤✐❝ ❞✐str✐❜✉t✐♦♥ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✐s ♠♦st❧②
❝♦♥❝❡♥tr❛t❡❞ ✐♥ ❡❛st❡r♥ ❤❛❧❢ ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ✭✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ ❈❛❧✐❢♦r♥✐❛✮✳
❚❤❡ s✉♠♠❛r② st❛t✐st✐❝s ❢♦r ❝♦✉♥t②✲❧❡✈❡❧ ❛✈❡r❛❣❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♣❡r ❞♦❝t♦r✱
s✉❜st✐t✉t❡✲r❡❧❛t❡❞ ♣❛②♠❡♥ts ♣❡r ❞♦❝t♦r ❛♥❞ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♣❡r
❞♦❝t♦r ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ❚❤❡ ♦✉t❝♦♠❡s ❛r❡ s❡♣❛r❛t❡❞ ❜② ✇❤❡t❤❡r ❛ ❝♦✉♥t② ✐s
❧♦❝❛t❡❞ ✐♥ ❛ st❛t❡ t❤❛t ❡✈❡r ❡♥❛❝ts ❛♥ ▼❈▲ ❛♥❞ ✇❤❡t❤❡r t❤❡ ▼❈▲ ✐s ❛❝t✐✈❡ ❢♦r ❝♦✉♥t✐❡s
t❤❛t ❞♦ ❧♦❝❛t❡ ✐♥ ❛ st❛t❡ t❤❛t ❛❞♦♣ts ❛♥ ▼❈▲✳ ❲❤✐❧❡ t❤❡ st❛❣❣❡r❡❞ t✐♠✐♥❣ ♦❢ ❧❛✇s
♠❛❦❡s ❝♦♠♣❛r✐♥❣ ❝♦✉♥t②✲❧❡✈❡❧ ❛✈❡r❛❣❡s ❛❝r♦ss ❣r♦✉♣s ♦✈❡r t✐♠❡ ❞✐✣❝✉❧t✱ ✇❡ ♦❜s❡r✈❡
❧♦✇❡r ❧❡✈❡❧s ♦❢ ♣❛②♠❡♥ts ♣❡r ❞♦❝t♦r ✐♥ ❝♦✉♥t✐❡s t❤❛t ❤❛✈❡ ❛♥ ▼❈▲ ✐♥ ❡✛❡❝t✳ ❚❤❡ ♣r❡✲
▼❈▲ ❝♦✉♥t✐❡s ❛♥❞ ♥♦♥✲▼❈▲ ❝♦✉♥t✐❡s ❛r❡ ♦t❤❡r✇✐s❡ ❝♦♠♣❛r❛❜❧❡ ✐♥ t❤❡ ❛✈❡r❛❣❡ ❛♠♦✉♥t
♦❢ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♣❡r ❞♦❝t♦r ♣❡r q✉❛rt❡r✲②❡❛r✳
✶✼
✹ ❊st✐♠❛t✐♦♥ ❙tr❛t❡❣②
❚♦ ❡st✐♠❛t❡ ❛♥t✐❝✐♣❛t♦r② ❛♥❞ ♣♦st✲▼❈▲ ❡✛❡❝ts ♦♥ ❞r✉❣✲r❡❧❛t❡❞ ♦✣❝❡ ❞❡t❛✐❧✐♥❣✱ ✇❡ ✉s❡
❛♥ ❡✈❡♥t st✉❞② ❛♣♣r♦❛❝❤ ❛♥❞ ❡①♣❧♦✐t t❤❡ t❡♠♣♦r❛❧ ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ✈❛r✐❛t✐♦♥ ✐♥ ▼❈▲s✳✷✹
❘❛t❤❡r t❤❛♥ ✐♠♣♦s❡ ❛♥ ❛r❜✐tr❛r② ❞✉r❛t✐♦♥ ♦❢ ❛♥t✐❝✐♣❛t✐♦♥ ♣❡r✐♦❞s✱ ✇❡ ❧❡✈❡r❛❣❡ t❤❡
t✐♠✐♥❣ ♦❢ ❛♥ ▼❈▲ ♣r♦♣♦s❛❧ ♦♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣✳ ❘❡❧❛t✐✈❡ t♦ t❤❡ ♦t❤❡r st❛❣❡s ♦❢ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✱ t❤❡ ♣r♦♣♦s❛❧ st❛❣❡ ✐s ❧✐❦❡❧② ❧❡❛st ❛✛❡❝t❡❞ ❜② ❛♥t✐❝✐♣❛t✐♦♥ ❛✛❡❝ts✳









cstα + γc + δt + εcst. ✭✶✮
❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥ ✐♥ ❝♦✉♥t② c
✐♥ st❛t❡ s ✐♥ q✉❛rt❡r✲②❡❛r t✳✷✺ ❚❤❡ t❡r♠s γc ❛♥❞ δt r❡♣r❡s❡♥t ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r
✜①❡❞ ❡✛❡❝ts✳ ❚❤❡ ✈❡❝t♦r Xcst ✐♥❝❧✉❞❡s st❛t❡✲❧❡✈❡❧ ♠❛♥❞❛t♦r② ❛❝❝❡ss ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣
♠♦♥✐t♦r✐♥❣ ♣r♦❣r❛♠ ❧❛✇s✱ ❝♦✉♥t②✲❧❡✈❡❧ ❤❡❛❧t❤ ❝♦♥❞✐t✐♦♥s✱ ❞♦♠❡st✐❝ ♠✐❣r❛t✐♦♥ ❞❛t❛✱
❛♥❞ ♣♦♣✉❧❛t✐♦♥ ❞❡♠♦❣r❛♣❤✐❝ ♣r♦♣♦rt✐♦♥s✳ ❲❡ ❛❧s♦ ✐♥❝❧✉❞❡ ❝♦✉♥t②✲❧❡✈❡❧ ✉♥❡♠♣❧♦②♠❡♥t
r❛t❡s ❛♥❞ ❛✈❡r❛❣❡ ✇❡❡❦❧② ✇❛❣❡s t♦ ❝♦♥tr♦❧ ❢♦r ❧♦❝❛❧ t✐♠❡✲✈❛r②✐♥❣ ♠❛❝r♦❡❝♦♥♦♠✐❝ ❝♦♥✲
❞✐t✐♦♥s t❤❛t ♠❛② ❛✛❡❝t ❧❡✈❡❧s ♦❢ ❞❡t❛✐❧✐♥❣✳ ❚❤❡ q✉❛rt❡r ✐♠♠❡❞✐❛t❡❧② ♣r❡❝❡❞✐♥❣ ❜✐❧❧
✐♥tr♦❞✉❝t✐♦♥ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞
7∑
τ=2
MCLs,t+τ r❡♣r❡s❡♥ts t❤❡ ♣❡r✐♦❞s ♣r❡❝❡❞✐♥❣
t❤❡ ✐♥✐t✐❛❧ ♣r♦♣♦s❛❧ ♦❢ ❛ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇✳ ❈❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ✐♥ t❤❡ q✉❛rt❡r ♦❢ ❜✐❧❧




♦❜s❡r✈❡❞ tr❡♥❞s ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ βˆ+τ s✉❣❣❡sts ❞✐✛❡r✐♥❣ tr❡♥❞s ✐♥ ❞❡t❛✐❧✐♥❣ ❛❝r♦ss ▼❈▲
❛♥❞ ♥♦♥✲▼❈▲ ♦❜s❡r✈❛t✐♦♥s ♣r✐♦r t♦ ❛♥ ▼❈▲ ♣r♦♣♦s❛❧ ❛♥❞ t❤r❡❛t❡♥s t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡
❡st✐♠❛t✐♦♥ str❛t❡❣②✳ ❖❜s❡r✈❛t✐♦♥s ✼ ♦r ♠♦r❡ q✉❛rt❡rs ♣r✐♦r t♦ ❜✐❧❧ ✐♥tr♦❞✉❝t✐♦♥ ❛♥❞ ✽ ♦r
✷✹▼❛❧❛♥✐ ❛♥❞ ❘❡✐❢ ✭✷✵✶✺✮ s✉❣❣❡st t❤❡ ✉s❡ ♦❢ q✉❛s✐✲♠②♦♣✐❝ ♠♦❞❡❧ t❤❛t ❝♦♥tr♦❧s ❢♦r ❛♥t✐❝✐♣❛t✐♦♥
❡✛❡❝ts ❢♦r S ♣❡r✐♦❞s ♣r✐♦r t♦ tr❡❛t♠❡♥t✳ ❖♥❡ s❤♦rt❝♦♠✐♥❣ ♦❢ t❤✐s ❛♣♣r♦❛❝❤✱ ❤♦✇❡✈❡r✱ ✐s r❡s❡❛r❝❤❡rs
♠✉st ❛ss✉♠❡ t❤❡r❡ ❛r❡ ♥♦ ♠♦r❡ t❤❛♥ S ♣❡r✐♦❞s ♦❢ ❛♥t✐❝✐♣❛t✐♦♥✳
✷✺❚❤❡ r❡s✉❧ts ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ t❤❡ ♥❛t✉r❛❧ ❧♦❣ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ❆✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳
✶✽
♠♦r❡ q✉❛rt❡rs ♣♦st ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦ r❡s♣❡❝t✐✈❡ ✏✼✰ q✉❛rt❡rs✑ ❛♥❞ ✏✽✰ q✉❛rt❡rs✑ ❜✐♥s✳
▲❛st✱ εcst ✐s t❤❡ ♠❡❛♥ ③❡r♦ ❡rr♦r t❡r♠✳
❲❡ ✉s❡ ❛ s✐♠✐❧❛r ❛♣♣r♦❛❝❤ t♦ ❡q✉❛t✐♦♥ ✭✶✮ t♦ ❡①❛♠✐♥❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ❞❡t❛✐❧✐♥❣
✐♥ r❡s♣♦♥s❡ t♦ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s✳ ❇❡❝❛✉s❡ ❞✐s♣❡♥s❛r✐❡s ✐♥❞✐❝❛t❡ ❞✐r❡❝t ❝♦♠♣❡t✐t♦r
❡♥tr②✱ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠s ♠❛② r❡s♣♦♥❞ ❞✐✛❡r❡♥t❧② t♦ t❤❡✐r ♣r❡s❡♥❝❡✳ ❍❡r❡✱ ✇❡ r❡♣❧❛❝❡
t❤❡ ❧❡❛❞ ❛♥❞ ❧❛❣❣❡❞ ✈❛r✐❛❜❧❡s r❡❧❛t✐✈❡ t♦ ▼❈▲ ♣r♦♣♦s❛❧ ✇✐t❤ ❛ s❡t ♦❢ ❧❡❛❞ ❛♥❞ ❧❛❣❣❡❞
✈❛r✐❛❜❧❡s r❡❧❛t✐✈❡ t♦ ❛ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣✳ ❲❡ ❡st✐♠❛t❡ s❡♣❛r❛t❡ s♣❡❝✐✜❝❛t✐♦♥s ❛❧❧♦✇✐♥❣
❢♦r t❤❡ ❞✐s♣❡♥s❛r② tr❡❛t♠❡♥t t♦ ✈❛r② ❛t ❜♦t❤ t❤❡ st❛t❡✲ ❛♥❞ ❝♦✉♥t②✲❧❡✈❡❧✳
▲❛st✱ ✇❡ ❡st✐♠❛t❡ tr❛❞✐t✐♦♥❛❧ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ✭❉❉✮ ♠♦❞❡❧s ❡①❛♠✐♥✐♥❣
✇❤❡t❤❡r ❞❡t❛✐❧✐♥❣ ✈❛r✐❡s ❜② ▼❈▲ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❖✉r ❉❉ ♠♦❞❡❧ ✐♥❝❧✉❞❡s ❝♦✉♥t② ❛♥❞
q✉❛rt❡r✲②❡❛r ✜①❡❞ ❡✛❡❝ts ❛♥❞ t❤❡ s❛♠❡ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛s ❡q✉❛t✐♦♥ ✭✶✮✳
■t t❛❦❡s t❤❡ ❢♦r♠✿
Dcst = β1MCLst + β2Dispst +X
′
cstα + γc + δt + εcst ✭✷✮
✇❤❡r❡ MCLst ✐s ❛ ❜✐♥❛r② ✐♥❞✐❝❛t♦r ✈❛r✐❛❜❧❡ ❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛♥ ▼❈▲ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥
st❛t❡ s ✐♥ q✉❛rt❡r✲②❡❛r t ❛♥❞ ❡q✉❛❧ t♦ ③❡r♦ ♦t❤❡r✇✐s❡✳ ❙✐♠✐❧❛r❧②✱ t❤❡ Dispst ✈❛r✐❛❜❧❡ ✐s
❡q✉❛❧ t♦ ♦♥❡ ✐❢ ❛♥ ❛❝t✐✈❡ ❛♥❞ ❧❡❣❛❧❧② ♣r♦t❡❝t❡❞ ❞✐s♣❡♥s❛r② ✐s ♦♣❡r❛t✐♥❣ ✇✐t❤✐♥ t❤❡ st❛t❡✳
✺ ❘❡s✉❧ts
✺✳✶ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❛♥❞ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❡❣❛❧✐③❛t✐♦♥
❚❤❡ t✐♠❡✲✈❛r②✐♥❣ ❡st✐♠❛t❡❞ ❡✛❡❝ts r❡❧❛t✐✈❡ t♦ t❤❡ ✐♥✐t✐❛❧ ♣r♦♣♦s❛❧ ♦❢ ❛♥ ▼❈▲ ❛♥❞
❝♦rr❡s♣♦♥❞✐♥❣ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ✻✳ P❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s
t❤❡ q✉❛rt❡r ✐♥ ✇❤✐❝❤ ❧❡❣❛❧ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ♣r♦♣♦s❡❞ ✐♥ ❧❡❣✐s❧❛t✉r❡ ♦r ✐♥tr♦❞✉❝❡❞ ♦♥ ❛
❜❛❧❧♦t✳ ❚❤❡ q✉❛rt❡r ♣r✐♦r t♦ t❤❡ ▼❈▲ ♣r♦♣♦s❛❧ ♣❡r✐♦❞ ✐s ♦♠✐tt❡❞ ❛s t❤❡ ❜❛s❡ ♣❡r✐♦❞ ❛♥❞
✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦✳ ❚❤❡ t✇♦ ❣r❛♣❤s ✐♥ P❛♥❡❧ ✭❛✮ ❞❡s❝r✐❜❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
✶✾
♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ♣❡r ♣❤②s✐❝✐❛♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ t♦ ❛❧❧ ♣❤②s✐❝✐❛♥s ❛♥❞ t♦
♠❡❞✐❝❛❧ ❞♦❝t♦rs ✭▼❉✮ ♦♥❧②✳✷✻ ❚❤❡ r❡s✉❧ts ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ ♦✉r s❛♠♣❧❡ ♦❢ ❞♦❝t♦rs ✉s❡❞
♦r ❤♦✇ ✇❡ s❝❛❧❡ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ s✉❣❣❡st ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❞✉r✐♥❣ t❤❡
s❡♠❡st❡r ✐♥ ✇❤✐❝❤ ❧❡❣❛❧ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ✐♥✐t✐❛❧❧② ♣r♦♣♦s❡❞ ❛♥❞ ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳
❲❡ ✜♥❞ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❜② ✩✷✳✹✵ ♣❡r ♣❤②s✐❝✐❛♥ ❞✉r✐♥❣ t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s
♣r♦♣♦s❡❞✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐s ♦♥❧② t❡♠♣♦r❛r②✱ ❤♦✇❡✈❡r✱ ❛s t❤❡ ❡✛❡❝t ❛tt❡♥✉❛t❡s ❛♥❞ ✐s ♥♦t
❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❛❢t❡r ✷ q✉❛rt❡rs✳
❆♠♦♥❣ t❤❡ st❛t❡s t❤❛t ❡♥❛❝t ❛♥ ▼❈▲ ✇✐t❤✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✱ t❤❡ ♠❡❛♥ ❞✉r❛✲
t✐♦♥ ❜❡t✇❡❡♥ ♣r♦♣♦s❛❧ ❞❛t❡ ❛♥❞ ❧❛✇ ❛♣♣r♦✈❛❧ ✐s ✷ q✉❛rt❡rs ✇❤✐❧❡ t❤❡ ♠❡❞✐❛♥ q✉❛rt❡r
❞✉r❛t✐♦♥ ✐s ✶✳ ❚❤✉s✱ t❤❡ t❡♠♣♦r❛r② ✐♥❝r❡❛s❡ ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇❡❞ ❜② ♥✉❧❧ r❡s✉❧ts ❛❢t❡r
✷ q✉❛rt❡rs s✉❣❣❡st ♣❤❛r♠❛❝❡✉t✐❝❛❧ ♠❛r❦❡t✐♥❣ r❡❛❝ts t♦ ✉♥❝❡rt❛✐♥t② ❛♥❞ ❣r❡❛t❡r ♣✉❜❧✐❝
❞✐s❝✉ss✐♦♥ ❜✉t ✐s ♦t❤❡r✇✐s❡ ✉♥r❡s♣♦♥s✐✈❡ t♦ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳✷✼
■♥ P❛♥❡❧ ✭❜✮ ✐♥ ❋✐❣✉r❡ ✻✱ ✇❡ ❡①❛♠✐♥❡ s❡♣❛r❛t❡❧② t❤❡ ♠❛r❦❡ts ❢♦r ✇❤✐❝❤ ❝❛♥♥❛❜✐s
♠❛② ❜❡ ❛ s✉❜st✐t✉t❡✳ ❯♥❧✐❦❡ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣✱ ✇❡ ❞♦ ♥♦t ♦❜s❡r✈❡ ❛ t❡♠♣♦r❛r② ✐♥❝r❡❛s❡ ✐♥
s✉❜st✐t✉t❡✲ ♦r ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❍♦✇❡✈❡r✱
✇❡ ✜♥❞ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ♦❢ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡s ✐♥ s✉❜st✐t✉t❡✲ ❛♥❞ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ t❤❛t
❜❡❝♦♠❡s ♠❛r❣✐♥❛❧❧② s✐❣♥✐✜❝❛♥t ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ②❡❛r ♦❢ ❧❡❣❛❧✐③❡❞ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳
❆❧t❤♦✉❣❤ t❤❡ ❞❡❝❧✐♥❡ ✐♥ ❞❡t❛✐❧✐♥❣ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❛ r❡❞✉❝❡❞ ♠❛r❦❡t s❤❛r❡ ❛♥❞ ❛ ❧♦✇❡r
r❡t✉r♥ ♦♥ ✐♥✈❡st♠❡♥t✱ t❤❡ ❡✛❡❝ts ❛r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❛♥❞ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦
❛t t❤✐s ❧❡✈❡❧ ♦❢ ♦❜s❡r✈❛t✐♦♥ ✉♥t✐❧ ♥❡❛r❧② ❛ ②❡❛r ❛❢t❡r ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ❧❡❣❛❧✐③❡❞✳
❚❤❡ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡s ✐♥ s✉❜st✐t✉t❡ ❛♥❞ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❛r❡ ♠♦r❡ ♣r♦✲
♥♦✉♥❝❡❞ ✐♥ ❋✐❣✉r❡ ✼ ✇❤❡♥ ✇❡ ♦♠✐t ❞❡t❛✐❧✐♥❣ ❢r♦♠ ❧❛r❣❡ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s
✭P❛♥❡❧ ✭❛✮✮ ❛♥❞ ❜❧♦❝❦❜✉st❡r ❞r✉❣ ❞❡t❛✐❧✐♥❣ ✭P❛♥❡❧ ✭❜✮✮✳ ▲✐❦❡✇✐s❡✱ t❤❡ t❡♠♣♦r❛r② ✐♥✲
❝r❡❛s❡ ✐♥ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣ ✐♠♠❡❞✐❛t❡❧② ❢♦❧❧♦✇✐♥❣ ❛♥ ▼❈▲ ♣r♦♣♦s❛❧ ✐s ❡✈✐❞❡♥t ✐♥ t❤❡s❡
✷✻P❤②s✐❝✐❛♥ ✐s ❜r♦❛❞❧② ❞❡✜♥❡❞ ❛♥❞ ✐♥❝❧✉❞❡s t❤♦s❡ ✇✐t❤ ❛ ❧♦✇ ♣r♦♣❡♥s✐t② t♦ r❡❝♦♠♠❡♥❞ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ✭s✉❝❤ ❛s ❝❤✐r♦♣r❛❝t♦rs✮✳
✷✼❚✐♠❡✲✈❛r②✐♥❣ ❡st✐♠❛t❡s r❡❧❛t✐✈❡ t♦ ❧❛✇ ❛♣♣r♦✈❛❧ ❛♥❞ ❡♥❛❝t♠❡♥t ✐♥❞✐❝❛t❡ ❛ s✐♠✐❧❛r ✉♣✲t✐❝❦ ✐♥ t❤❡
♣❡r✐♦❞ ♣r❡❝❡❞✐♥❣ q✉❛rt❡r ♦❢ ✏tr❡❛t♠❡♥t✳✑ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ❆✷ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳
✷✵
❛❧t❡r♥❛t✐✈❡ s❛♠♣❧❡s s✉❣❣❡st✐♥❣ ♦✉r ❜❛s❡❧✐♥❡ r❡s✉❧ts ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② ❧❛r❣❡ ♣❤❛r♠❛❝❡✉✲
t✐❝❛❧ ❝♦♠♣❛♥✐❡s ♦r ❤✐❣❤ ✈❛❧✉❡ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✳
✺✳✷ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❛♥❞ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ❉✐s♣❡♥s❛r✐❡s
❈❛♥♥❛❜✐s ❞✐s♣❡♥s❛r✐❡s ❛r❡ ❡ss❡♥t✐❛❧ ✐♥ r❡❞✉❝✐♥❣ ♥♦♥✲♣❡❝✉♥✐❛r② ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤
♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♥❞ ♣r♦✈✐❞✐♥❣ ❛ s❛❢❡ ❛♥❞ ❧❡❣❛❧ ❛❝❝❡ss ♣♦✐♥t ❢♦r ❝♦♥s✉♠❡rs✳ ❇❡❝❛✉s❡
❞✐s♣❡♥s❛r✐❡s ♣r♦✈✐❞❡ ❣r❡❛t❡r ❛❝❝❡ss t♦ ❝❛♥♥❛❜✐s ❛♥❞ ❛ ♠♦r❡ t❛♥❣✐❜❧❡ t❤r❡❛t ♦❢ ❝♦♠♣❡t✐✲
t✐♦♥✱ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s ♠❛② ✐❣♥♦r❡ t❤❡ ✐♥✐t✐❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛♥ ▼❈▲ ❛♥❞
✐♥st❡❛❞ ❛❞❥✉st ❞❡t❛✐❧✐♥❣ ✐♥ r❡s♣♦♥s❡ t♦ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s✳
■♥ ❋✐❣✉r❡ ✽✱ ✇❡ ❡①♣❧♦r❡ t❤✐s ❞✐♠❡♥s✐♦♥ ❛♥❞ ❡①❛♠✐♥❡ t❤❡ r❡s♣♦♥s❡ ✐♥ ♣❤❛r♠❛❝❡✉✲
t✐❝❛❧ ❞❡t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣s ❛t t❤❡ st❛t❡ ❛♥❞ ❝♦✉♥t② ❧❡✈❡❧✳ ❲❡ ❞♦
♥♦t ✜♥❞ ❡✈✐❞❡♥❝❡ ♦❢ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❧❡❛❞✐♥❣ ✉♣ t♦ ♦r ❢♦❧❧♦✇✐♥❣ t❤❡ ♦♣❡♥✐♥❣ ♦❢ ❛
❞✐s♣❡♥s❛r② ❛t ❡✐t❤❡r ❧❡✈❡❧ ♦❢ ❞✐s♣❡♥s❛r② ❡①♣♦s✉r❡✳ ❍♦✇❡✈❡r✱ ❞✐s♣❡♥s❛r✐❡s ❞♦ ♥♦t ♦♣❡♥
✉♥❡①♣❡❝t❡❞❧② ❛♥❞ ✜r♠s ❤❛✈❡ ❧✐❦❡❧② ❛♥t✐❝✐♣❛t❡❞ t❤❡✐r ♦♣❡♥✐♥❣ ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳✷✽
❚♦ ❞✐s❡♥t❛♥❣❧❡ ❧❡❣❛❧✐③❛t✐♦♥ ❡✛❡❝ts ❢r♦♠ ❞✐s♣❡♥s❛r② ❡✛❡❝ts✱ ✇❡ r❡❣r❡ss ♣r❡s❝r✐♣t✐♦♥
❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ♦♥ ▼❈▲s ❛♥❞ ❞✐s♣❡♥s❛r✐❡s ✉s✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❛♣✲
♣r♦❛❝❤ ❞❡s❝r✐❜❡❞ ✐♥ ❡q✉❛t✐♦♥ ✷✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✸✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts
♦♥ ▼❈▲s ❛♥❞ ❞✐s♣❡♥s❛r✐❡s ❛r❡ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ③❡r♦ ❢♦r ❛♥② s♣❡❝✐✜❝❛t✐♦♥ ♦r
s❛♠♣❧❡✳ ❈♦♠♣❛r✐♥❣ t❤❡ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts✱ ❞❡t❛✐❧✐♥❣ ✐s ❧❡ss r❡❛❝t✐✈❡ t♦ ❛
❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ t❤❛♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❆❧t❤♦✉❣❤✱ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t
♦❢ ❛♥ ▼❈▲ ♦♥ ♦♣✐♦✐❞✲❞❡t❛✐❧✐♥❣ ✐♥ ❝♦❧✉♠♥ ✭✹✮ ✐♥ P❛♥❡❧ ❉ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡✈✐✲
♦✉s r❡s✉❧ts✱ t❤❡② ❛r❡ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ❝♦♥✈❡♥t✐♦♥❛❧ ❧❡✈❡❧s ✭♣✲✈❛❧✉❡❂✵✳✶✸✮✳
❚❤✉s✱ ✇❤✐❧❡ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ✇❤❡♥ ❛♥ ▼❈▲ ✐s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ ❛♥❞ ❜♦t❤ ♣✉❜✲
❧✐❝ ❞✐s❝✉ss✐♦♥ ❛♥❞ ✉♥❝❡rt❛✐♥t② ❛r❡ ❤✐❣❤❡st✱ t❤❡r❡ ✐s ♥♦t str♦♥❣ ❡✈✐❞❡♥❝❡ ❛t t❤❡ ❝♦✉♥t②
✷✽❲❡ ❛❧s♦ ❡①❛♠✐♥❡ t❤❡ r❡s♣♦♥s❡ ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦r ❜❧♦❝❦❜✉st❡r ❞r✉❣s ❛♥❞ ♠♦r❡ ❝♦♥❝❡♥tr❛t❡❞ ♠❛r❦❡ts
❛♥❞ ❞♦ ♥♦t ✜♥❞ ❡✈✐❞❡♥❝❡ ♦❢ ❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ❛ ❞✐s♣❡♥s❛r② ♦♣❡♥✐♥❣ ❛t t❤❡ ❝♦✉♥t② ♦r st❛t❡
❧❡✈❡❧✳
✷✶
❧❡✈❡❧ ♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s r❡❞✉❝✐♥❣ ♠❛r❦❡t✐♥❣ t♦ ♣❤②s✐❝✐❛♥s ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ❡♥tr②✳
✺✳✸ ❋❛❧s✐✜❝❛t✐♦♥ ❚❡sts
❆s ❢❛❧s✐✜❝❛t✐♦♥ t❡sts✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ❡✛❡❝t ♦❢ ▼❈▲s ♦♥ ♠❡❞✐❝❛❧ ❞❡✈✐❝❡✲r❡❧❛t❡❞ ❞❡t❛✐❧✲
✐♥❣ ❛♥❞ ❞❡t❛✐❧✐♥❣ t♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❞♦❝t♦rs t❤❛t ❛r❡ ❧✐❦❡❧② ✉♥❛✛❡❝t❡❞ ❜② ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ P❛t✐❡♥ts s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❛tt❡♥t✐♦♥ ❢r♦♠ ♦♣t♦♠❡tr✐sts✱ ❞❡♥t✐sts✱
❛♥❞ ♣♦❞✐❛tr✐sts ✇✐❧❧ ❞✐✛❡r ❢r♦♠ ♣❛t✐❡♥ts s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ P❤❛r♠❛❝❡✉t✐❝❛❧
♠❛r❦❡t✐♥❣ t♦ t❤❡s❡ ❞♦❝t♦rs s❤♦✉❧❞ ♥♦t r❡s♣♦♥❞ t♦ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❛♥ ▼❈▲✳ ❚❤❡ r❡s✉❧ts
❢♦r t❤❡s❡ ❢♦✉r ❢❛❧s✐✜❝❛t✐♦♥ t❡sts ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ✾✳
❯♥❧✐❦❡ t❤❡ ♣r❡✈✐♦✉s r❡s✉❧ts✱ ❞❡t❛✐❧✐♥❣ ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ ❢♦r ❛♥② ♦✉t❝♦♠❡ ✐♥ t❤❡
q✉❛rt❡rs ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞ ❛♥❞ ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ ✭t = 0, 1✮✳ ❚❤❡ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡
✐♥ ♠❡❞✐❝❛❧ ❞❡✈✐❝❡ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧ ✐♥ t❤❡ t♦♣ ❧❡❢t ❣r❛♣❤ ✇❡❛❦❡♥s ♦✉r
r❡s✉❧ts ♦♥ ♦♣✐♦✐❞✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣✳ ❲❡ ❢✉rt❤❡r ❡①♣❧♦r❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ ♦t❤❡r t②♣❡s
♦❢ ❞❡t❛✐❧✐♥❣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥ ❜② ❡①❛♠✐♥✐♥❣ ♣♦st✲▼❈▲
❝❤❛♥❣❡s ✐♥ ❞❡t❛✐❧✐♥❣ t♦ ❞♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s✳
✺✳✹ ▼❛r❦❡t ❈♦♥❝❡♥tr❛t✐♦♥ ✐♥ ❈❛♥♥❛❜✐s ❘❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♥❞
❉❡t❛✐❧✐♥❣ t♦ ❈❛♥♥❛❜✐s ❉♦❝t♦rs
▼❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡ts ❞✐✛❡r ❢r♦♠ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✐♥ t❤❛t ❞❡♠❛♥❞✲
s✐❞❡ ❢❛❝t♦rs ♣❧❛② ❛ ♠♦r❡ s✐❣♥✐✜❝❛♥t r♦❧❡✳ ❆ ❧❛r❣❡r ♣❛t✐❡♥t ✐♥✢✉❡♥❝❡ ❛♥❞ ♣❤②s✐❝✐❛♥ r✐s❦
❛✈❡rs✐♦♥ ❤❛✈❡ ❧❡❞ t♦ ❣r❡❛t❡r ♠❛r❦❡t ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ ♣❤②s✐❝✐❛♥s t❤❛t ♣r♦✈✐❞❡ ♠❡❞✐❝❛❧
❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s✳ P❤②s✐❝✐❛♥ r❡❣✐str✐❡s✱ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ✇❡❜s✐t❡s✱ ❛♥❞ ❞✐s✲
♣❡♥s❛r② s♣♦♥s♦r❡❞ ♣❛t✐❡♥t ❞r✐✈❡s t❤❛t ❝♦♥♥❡❝t ♣❛t✐❡♥ts ✇✐t❤ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ❢✉rt❤❡r
❝♦♥❞❡♥s❡s t❤❡ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥ ♠❛r❦❡t ❛♥❞ ❧✐❦❡❧② ❝♦♥❝❡❛❧s ❛♥② r❡s♣♦♥s❡ ✐♥
♣❤❛r♠❛❝❡✉t✐❝❛❧ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛t ❛❣❣r❡❣❛t❡ ❧❡✈❡❧s✳
✷✷
❚♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧✱ ✇❡ ✉s❡ ♣❤②s✐❝✐❛♥✲❧❡✈❡❧
♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞❛t❛ ❢r♦♠ t❤❡ ❋❧♦r✐❞❛ ❇♦❛r❞ ♦❢ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇♦❛r❞ ♦❢ ❖st❡♦♣❛t❤✐❝
▼❡❞✐❝✐♥❡✬s P❤②s✐❝✐❛♥ ❈❡rt✐✜❝❛t✐♦♥ P❛tt❡r♥ ❘❡✈✐❡✇ P❛♥❡❧ ❆♥♥✉❛❧ ❘❡♣♦rt ✭✷✵✶✾✮✳ ❚❤❡s❡
❞❛t❛ ❞❡s❝r✐❜❡ t❤❡ ♥✉♠❜❡r ♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ♠❛❞❡ ❜② ❡❛❝❤ ❋❧♦r✐❞❛ ❞♦❝t♦r
❞✉r✐♥❣ t❤❡ ✜rst ✾ ♠♦♥t❤s ♦❢ ✷✵✶✽✳✷✾ ❲❡ ♣❛✐r t❤❡s❡ ❞❛t❛ ✇✐t❤ ❡♥tr✐❡s ❢r♦♠ t❤❡ ♦♣❡♥
♣❛②♠❡♥ts ❞❛t❛ t♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❞❡t❛✐❧✐♥❣ ❛♥❞
❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛t t❤❡ ♣❤②s✐❝✐❛♥ ❧❡✈❡❧✳
■♥ P❛♥❡❧ ❆ ✐♥ ❚❛❜❧❡ ✹✱ ✇❡ ❝♦♠♣❛r❡ ❞❡t❛✐❧✐♥❣ t♦ ❋❧♦r✐❞❛ ♣❤②s✐❝✐❛♥s ❜② ✇❤❡t❤❡r t❤❡
♣❤②s✐❝✐❛♥ r❡❝♦♠♠❡♥❞s ❝❛♥♥❛❜✐s ✐♥ ✷✵✶✽✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥
✐s ❤✐❣❤❡r ❛♠♦♥❣ ❞♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ✭❤❡r❡❛❢t❡r r❡❢❡rr❡❞ t♦ ❛s ❝❛♥♥❛❜✐s
❞♦❝t♦rs✮✳ ■♥ P❛♥❡❧ ❇✱ ✇❡ ✉s❡ ♦✉r s❛♠♣❧❡ ♦❢ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ❛♥❞ ❝♦♠♣❛r❡ t❤❡ ♥✉♠❜❡r
♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ✇r✐tt❡♥ ❜② ✇❤❡t❤❡r t❤❡ ❞♦❝t♦r r❡❝❡✐✈❡s ❞❡t❛✐❧✐♥❣✳ ❆♣✲
♣r♦①✐♠❛t❡❧② ✽✼✪ ♦❢ ❋❧♦r✐❞❛ ❝❛♥♥❛❜✐s ❞♦❝t♦rs r❡❝❡✐✈❡ ❞❡t❛✐❧✐♥❣ ✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✳
❍♦✇❡✈❡r✱ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❝❡rt✐✜❝❛t✐♦♥s ✐s ❤✐❣❤❡r ❛♠♦♥❣ ♣❤②s✐❝✐❛♥s t❤❛t ❛r❡ ♥♦t
❡①♣♦s❡❞ t♦ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ s✉❣❣❡sts ❛ ❞✐s♣r♦♣♦rt✐♦♥❛t❡
s❤❛r❡ ♦❢ ❧❛r❣❡ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❡rs ❛r❡ ♣❤②s✐❝✐❛♥s t❤❛t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s
❞♦ ♥♦t ✐♥✈❡st ✐♥ ♠❛r❦❡t✐♥❣ t♦✳ ▼♦r❡♦✈❡r✱ t❤❡s❡ st②❧✐③❡❞ ❢❛❝ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❛ ❝♦♥✲
❝❡♥tr❛t❡❞ ♠❛r❦❡t ♦❢ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ♣❤②s✐❝✐❛♥s t❤❛t ❞♦❝t♦rs s❡❧❡❝t ✐♥t♦ ❛♥❞ ♣❛t✐❡♥ts
❝❛♥ s❤♦♣ ❢♦r✳
❚♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❞❡t❛✐❧✐♥❣ ❛♥❞ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s✱
✇❡ ❡st✐♠❛t❡ ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❡q✉❛t✐♦♥ t❤❛t t❛❦❡s t❤❡ ❢♦r♠
Dijct = β1CannabisDri + β2CannabisDri ×MCLct +X
′
ctα + γc + δt + φj + εijct ✭✸✮
✷✾❚♦ r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ✐♥ ❋❧♦r✐❞❛✱ ❛ ♣❤②s✐❝✐❛♥ ♠✉st ❝♦♠♣❧❡t❡ ❛ t✇♦ ❤♦✉r ❝♦✉rs❡ ❛♥❞ ❡①❛♠✳
❲❡ ❛ss✉♠❡ ♣❤②s✐❝✐❛♥ ❝❡rt✐✜❝❛t✐♦♥ ❛♥❞ ❛t ❧❡❛st ♦♥❡ r❡❝♦♠♠❡♥❞❛t✐♦♥ ❛s ❡✈✐❞❡♥❝❡ t❤❡ ❞♦❝t♦r ♣❡r❝❡✐✈❡s
❝❛♥♥❛❜✐s ❛s ❛ ♣♦t❡♥t✐❛❧ s✉❜st✐t✉t❡ t♦ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s✳ P❛t✐❡♥ts ❝❛♥ ♦❜t❛✐♥ ❝❡rt✐✜❝❛t✐♦♥
❢♦r ✉♣ t♦ ❛ ✷✶✵ ❞❛②s ❜❡❢♦r❡ ♥❡❡❞✐♥❣ r❡✲❡✈❛❧✉❛t✐♦♥ ❛♥❞ r❡❝♦♠♠❡♥❞❛t✐♦♥ r❡♥❡✇❛❧✳
✷✸
✇❤❡r❡ Dijct ✐s t❤❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♦♥ ♣❤②s✐❝✐❛♥ i ♦❢ ❞♦❝t♦r t②♣❡ j ✐♥ ❝♦✉♥t② c ✐♥
q✉❛rt❡r ②❡❛r t✳✸✵ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ s❛♠❡ s❡t ♦❢ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥
♣r✐♦r s♣❡❝✐✜❝❛t✐♦♥s✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣
♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t② ❛s ✇❡❧❧ ❛s ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ❞♦❝t♦r t②♣❡ ✜①❡❞ ❡✛❡❝ts✳
❖✉r s❛♠♣❧❡ ✐♥❝❧✉❞❡s ❛❧❧ ❋❧♦r✐❞❛ ❞♦❝t♦rs t❤❛t r❡❝❡✐✈❡ ❞❡t❛✐❧✐♥❣ ❢r♦♠ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽✳
❉♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ❝♦♠♣r✐s❡ ♦✉r tr❡❛t♠❡♥t ❣r♦✉♣ ✇❤✐❧❡ ❞♦❝t♦rs t❤❛t
❞♦ ♥♦t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ♦✉r ❝♦♥tr♦❧ ❣r♦✉♣✳ ❈❛♥♥❛❜✐s ❞♦❝t♦rs ❛r❡
❝♦♥s✐❞❡r❡❞ ✏✉♥tr❡❛t❡❞✑ ❢♦r ❛❧❧ ♦❜s❡r✈❛t✐♦♥s ♣r✐♦r t♦ ▼❈▲ ❛♣♣r♦✈❛❧ ❛♥❞ β2 ❝❛♣t✉r❡s t❤❡
❝❤❛♥❣❡ ✐♥ ❞❡t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ ♥♦♥✲❝❛♥♥❛❜✐s ❞♦❝t♦rs ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳
❚❤❡ ❡st✐♠❛t❡❞ r❡❧❛t✐♦♥s❤✐♣s ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✺✳ ❚❤❡ r❡s✉❧ts ✐♥ ❝♦❧✉♠♥s ✭✶✮
❛♥❞ ✭✷✮ s✉❣❣❡st ♦✈❡r❛❧❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ✐♥❝r❡❛s❡s ❢♦❧✲
❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ ❝♦❡✣❝✐❡♥ts ✐♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮
✐♥❞✐❝❛t❡ ❛ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡ ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ❛❢t❡r ▼❈▲ ❛♣♣r♦✈❛❧✳
❆❧t❤♦✉❣❤ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝ts✱ ♣❛✐♥ ♠❛♥❛❣❡♠❡♥t ✐s t❤❡ ♠♦st ❝♦♠♠♦♥
r❡❛s♦♥ ❢♦r s❡❡❦✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳ ❚❤❡r❡❢♦r❡✱ ♦♣✐♦✐❞ ♠❛r❦❡ts ❛r❡ ♠♦r❡ ❡①♣♦s❡❞ t♦
❝♦♠♣❡t✐t✐♦♥ ❛♥❞ ✇✐❧❧ ❧✐❦❡❧② r❡s♣♦♥❞ ❞✐✛❡r❡♥t❧② t❤❛♥ ♦t❤❡r ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ♠❛r❦❡ts✳
❆♠♦♥❣ ❞♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s✱ t❤❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ ❞❡❝❧✐♥❡s
❜② ✸✸✪ t♦ ✹✷✪ ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧ ✐♥ ✷✵✶✻✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t s❡❧❡❝t✐♦♥ ✐♥t♦
tr❡❛t♠❡♥t ❧✐❦❡❧② ✐♥tr♦❞✉❝❡s ❜✐❛s ❛♥❞ ❝♦♥t❛♠✐♥❛t❡s t❤❡ ❡st✐♠❛t❡s✳ ❙t✐❧❧✱ t❤❡ ♥❡❣❛t✐✈❡ r❡✲
❧❛t✐♦♥s❤✐♣ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡t❛✐❧✐♥❣ ❛♥❞ ♣r❡s❝r✐♣t✐♦♥s
✭◆❣✉②❡♥✱ ❇r❛❞❢♦r❞ ❛♥❞ ❙✐♠♦♥✱ ✷✵✶✾❛✮ ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦❢ ▼❈▲s ♦♥ ♣r❡s❝r✐❜❡❞
♦♣✐♦✐❞s ✭▼❝▼✐❝❤❛❡❧✱ ❱❛♥ ❍♦r♥ ❛♥❞ ❱✐s❝✉s✐✱ ✷✵✷✵✮✳ ▼♦r❡♦✈❡r✱ t❤❡ ❡✛❡❝ts ✐♥ ❝♦❧✉♠♥s ✭✸✮
❛♥❞ ✭✹✮ ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r ✐♥ ♠❛❣♥✐t✉❞❡ t❤❛♥ t❤❡ ❝♦✉♥t②✲❧❡✈❡❧ ❡st✐♠❛t❡s s✉❣❣❡st✲
✐♥❣ t❤❡ r❡s♣♦♥s❡ ✐♥ ❞❡t❛✐❧✐♥❣ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✐s ♠❛s❦❡❞ ❜② t❤❡ s♠❛❧❧
♣❡r❝❡♥t ♦❢ ❞♦❝t♦rs t❤❛t ❝♦♥s✐❞❡r ❝❛♥♥❛❜✐s ❛ s✉❜st✐t✉t❡ ✐♥ ♣r❛❝t✐❝❡✳
✸✵❲❡ ❛❧s♦ ❡st✐♠❛t❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✉s✐♥❣ ❛♥ ✉♥❜❛❧❛♥❝❡❞ ♣❛♥❡❧ r❛t❤❡r t❤❛♥ r❡♣❡❛t❡❞ ❝r♦ss s❡❝t✐♦♥s✳
❚❤❡ r❡s✉❧ts ❛r❡ q✉❛♥t✐t❛t✐✈❡❧② s✐♠✐❧❛r ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳
✷✹
❋✐♥❛❧❧②✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ✐♠♣❛❝t ♦❢ ❛♥ ▼❈▲ ♦♥ ❞❡✈✐❝❡✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❛s ❛ ❢❛❧s✐✜✲
❝❛t✐♦♥ t❡st✳ ❚❤❡ r❡s✉❧ts ✐♥ ❝♦❧✉♠♥s ✭✺✮ ❛♥❞ ✭✻✮ ✐♥ ❚❛❜❧❡ ✺ ❛r❡ ♥♦t ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠
③❡r♦✳ ❆❧t❤♦✉❣❤ s❛♠♣❧❡ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❧❡✈❡❧ ♦❢ ♦❜s❡r✈❛t✐♦♥ ❛r❡ ❞✐✛❡r❡♥t✱ t❤❡ r❡s✉❧ts
❞♦ ♥♦t s✉♣♣♦rt t❤❡ ♠❛r❣✐♥❛❧❧② s✐❣♥✐✜❝❛♥t ❝♦✉♥t②✲❧❡✈❡❧ ❡st✐♠❛t❡s ♣r❡✈✐♦✉s❧② ❞❡t❛✐❧❡❞ ✐♥
❋✐❣✉r❡ ✾✳ ❋✉rt❤❡r✱ t❤❡s❡ ♥✉❧❧ r❡s✉❧ts ❞♦ ♥♦t ❥❡♦♣❛r❞✐③❡ t❤❡ ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡✲
t✇❡❡♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s ❞♦❝t♦rs t❤❛t ❛r❡
❞❡s❝r✐❜❡❞ ✐♥ ❝♦❧✉♠♥s ✭✸✮ ❛♥❞ ✭✹✮✳
✻ ❈♦♥❝❧✉s✐♦♥
❚❤❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t ✐s r❡❧❛t✐✈❡❧② ♥❡✇ ❛♥❞ r❛♣✐❞❧② ❡✈♦❧✈✐♥❣ ✇✐t❤ ❡❛❝❤ ❡❧❡❝✲
t✐♦♥ ❝②❝❧❡✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ ❝❛♥♥❛❜✐s ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ ❢♦r♠ ♦❢ ♠❡❞✐❝❛❧ tr❡❛t♠❡♥t
s✉❣❣❡sts t❤❛t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ s✐❣♥❛❧s ❛ ❝♦♠♣❡t✐t♦r ❡♥tr② ❢♦r ❛ ♥✉♠❜❡r
♦❢ ♣❤❛r♠❛❝❡✉t✐❝❛❧ ♠❛r❦❡ts✳ ❚❤❡r❡❢♦r❡✱ ✐♥❝✉♠❜❡♥t ♣❤❛r♠❛❝❡✉t✐❝❛❧ ✜r♠s ♠❛② ❜❡❤❛✈❡
str❛t❡❣✐❝❛❧❧② t♦ ♣r❡s❡r✈❡ ♠❛r❦❡t s❤❛r❡✳ ❲❡ ❡①♣❧♦✐t t❤❡ t❡♠♣♦r❛❧ ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ✈❛r✐✲
❛t✐♦♥ ✐♥ ▼❈▲s t♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❛♥❞
❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣✳
❲❡ ✜♥❞ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣ ✐♥❝r❡❛s❡s ❞✉r✐♥❣ q✉❛rt❡rs ✇❤❡♥ ❛♥ ▼❈▲ ❤❛s ❜❡❡♥ ♣r♦✲
♣♦s❡❞ ❛♥❞ ✐s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ✐♥❝r❡❛s❡ ✐s ♥♦t ❞r✐✈❡♥ s♣❡❝✐✜❝❛❧❧② ❜②
❞r✉❣ ♠❛r❦❡ts ✐♥ ✇❤✐❝❤ ❝❛♥♥❛❜✐s ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❛ s✉❜st✐t✉t❡✳ ▼♦r❡♦✈❡r✱ ✇❡ ❞♦ ♥♦t
✜♥❞ str♦♥❣ ❡✈✐❞❡♥❝❡ t♦ ✐♥❞✐❝❛t❡ ❝❤❛♥❣❡s ✐♥ ♦✣❝❡ ❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s
❧❡❣❛❧✐③❛t✐♦♥✳ ❲❡ ❛r❣✉❡ t❤❡ ❧❛❝❦ ♦❢ r❡s♣♦♥s❡ ✐♥ ❞✐r❡❝t✲t♦✲♣❤②s✐❝✐❛♥ ♠❛r❦❡t✐♥❣ ❢♦❧❧♦✇✐♥❣
❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ✐s ❞✉❡ t♦ ❛ s♠❛❧❧✱ ❝♦♥❝❡♥tr❛t❡❞ ♠❛r❦❡t ♦❢ ❞♦❝t♦rs ✇✐❧❧✐♥❣ t♦ r❡❝♦♠✲
♠❡♥❞ ❝❛♥♥❛❜✐s✳ ▼♦r❡♦✈❡r✱ t❤❡ ♣r❡s❝r✐❜✐♥❣ ✐♥❡rt✐❛ ❢♦r ❛ ❧❛r❣❡ ♠❛❥♦r✐t② ♦❢ ❞♦❝t♦rs t❤❛t
❞♦ ♥♦t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s ✐s ❡①❛❝❡r❜❛t❡❞ ❜② t❤❡ ❢❡❞❡r❛❧ ✐❧❧❡❣❛❧✐t② ♦❢ ❝❛♥♥❛❜✐s ❛♥❞ t❤❡
♦✈❡r❛❧❧ ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ tr❡❛t♠❡♥t ❡✣❝❛❝② ♦❢ t❤❡ ❞r✉❣✳ ❆t t❤❡ ❛❣❣r❡❣❛t❡ ❧❡✈❡❧✱ t❤❡♥✱
t❤❡r❡ ✐s ♥♦ ♥❡❡❞ ❢♦r ♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s t♦ ❛❧t❡r t❤❡✐r ♠❛r❦❡t✐♥❣ str❛t❡❣✐❡s ✐❢ ❛♥
✷✺
♦✈❡r✇❤❡❧♠✐♥❣ ♠❛❥♦r✐t② ♦❢ ❞♦❝t♦rs ❞♦ ♥♦t ✈✐❡✇ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛s ❛ ✈✐❛❜❧❡ s✉❜st✐t✉t❡✳
❚♦ ❡①♣❧♦r❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛t ❛ ♠♦r❡ ❣r❛♥✉❧❛r ❧❡✈❡❧✱ ✇❡ ♣❛✐r ♦✣❝❡ ❞❡t❛✐❧✐♥❣
r❡❝♦r❞s ✇✐t❤ ❛ ♥♦✈❡❧ ❞❛t❛s❡t ♦❢ ♣❤②s✐❝✐❛♥✲❧❡✈❡❧ ❝❛♥♥❛❜✐s ❝❡rt✐✜❝❛t✐♦♥s ✐♥ t❤❡ st❛t❡ ♦❢
t❤❡ ❋❧♦r✐❞❛✳ ❲❡ ✜♥❞ r❡❧❛t✐✈❡ ❞❡❝❧✐♥❡s ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ t♦ ❝❛♥♥❛❜✐s✲❢r✐❡♥❞❧② ❞♦❝t♦rs
❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳ ❆❧t❤♦✉❣❤ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❝❛✉s❛❧✐t② ❛♥❞ ♣❤②s✐❝✐❛♥ s❡❧❡❝t✐♦♥
✐♥t♦ tr❡❛t♠❡♥t ♣r❡✈❡♥t ✉s ❢r♦♠ ✐❞❡♥t✐❢②✐♥❣ ❛ ❝❛✉s❛❧ r❡❧❛t✐♦♥s❤✐♣ ❛t t❤❡ ♣❤②s✐❝✐❛♥ ❧❡✈❡❧✱
t❤❡ ❞❡❝❧✐♥❡ ✐♥ ♦♣✐♦✐❞ ❞❡t❛✐❧✐♥❣ ❛♠♦♥❣ ❋❧♦r✐❞❛ ❝❛♥♥❛❜✐s ❞♦❝t♦rs ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ t❤❛t
♣❤❛r♠❛❝❡✉t✐❝❛❧ ❝♦♠♣❛♥✐❡s r❡s♣♦♥❞ t♦ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛s ❛ ❝♦♠♣❡t✐t♦r✳ ❚❤✐s r❡s♣♦♥s❡
✇✐❧❧ ❧✐❦❡❧② ❣r♦✇ ✇✐t❤ t❤❡ ♣r♦❧✐❢❡r❛t✐♦♥ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s✳
▲❛st✱ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❞✐✛❡rs ❢r♦♠ tr❛❞✐t✐♦♥❛❧ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣s ✐♥ t❤❛t ❞❡♠❛♥❞
s✐❞❡ ❢❛❝t♦rs ❛♥❞ ♣❛t✐❡♥t ♣r❡❢❡r❡♥❝❡s ❛r❡ ❧✐❦❡❧② ♠♦r❡ ✐♠♣♦rt❛♥t ✐♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s
♠❛r❦❡ts✳ ❚❤❡ r❡s♦✉r❝❡s ❛✈❛✐❧❛❜❧❡ t♦ ❢❛❝✐❧✐t❛t❡ ❞♦❝t♦r s❤♦♣♣✐♥❣ ❛♥❞ t❤❡ ❛❜✐❧✐t② ♦❢ ♣❛t✐❡♥ts
t♦ ❜②♣❛ss t❤❡✐r ✉s✉❛❧ ♣❤②s✐❝✐❛♥ t♦ ♦❜t❛✐♥ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛♣♣r♦✈❛❧ r❡❞✉❝❡s t❤❡ r♦❧❡ ♦❢
♣r♦✈✐❞❡r ✐♥ ❞❡t❡r♠✐♥✐♥❣ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❛s tr❡❛t♠❡♥t✳ ❚❤❡ ♠✐t✐❣❛t❡❞ r❡s✉❧ts ❛t t❤❡
❛❣❣r❡❣❛t❡ ❧❡✈❡❧ r❡✢❡❝t t❤❡s❡ ❢❡❛t✉r❡s t❤❛t ❛r❡ ✉♥✐q✉❡ t♦ t❤❡ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ♠❛r❦❡t




❆❞❧❡r✱ ❏♦♥❛t❤❛♥ ◆✳✱ ❛♥❞ ❏❛♠❡s ❆✳ ❈♦❧❜❡rt✳ ✷✵✶✸✳ ✏▼❡❞✐❝✐♥❛❧ ✉s❡ ♦❢ ▼❛r✐❥✉❛♥❛ ✲ P♦❧❧✐♥❣
❘❡s✉❧ts✳✑ ◆❡✇ ❊♥❣❧❛♥❞ ❏♦✉r♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✸✻✽✭✷✷✮✿ ❡✸✵✭✶✮✳
❆❧♣❡rt✱ ❆❜❜② ❊✱ ❲✐❧❧✐❛♠ ◆✳ ❊✈❛♥s✱ ❊t❤❛♥ ▼✳❏✳ ▲✐❡❜❡r✱ ❛♥❞ ❉❛✈✐❞ P♦✇❡❧❧✳ ✷✵✶✾✳
✏❖r✐❣✐♥s ♦❢ t❤❡ ❖♣✐♦✐❞ ❈r✐s✐s ❛♥❞ ■ts ❊♥❞✉r✐♥❣ ■♠♣❛❝ts✳✑ ❆✈❛✐❧❛❜❧❡ ❛t ❤tt♣s✿✴✴✇✇✇✳♥❜❡r✳
♦r❣✴♣❛♣❡rs✴✇✷✻✺✵✵✳
❆♥❞❡rs♦♥✱ ❉✳ ▼❛r❦✱ ❇❡♥❥❛♠✐♥ ❍❛♥s❡♥✱ ❛♥❞ ❉❛♥✐❡❧ ■✳ ❘❡❡s✳ ✷✵✶✸✳ ✏▼❡❞✐❝❛❧ ▼❛r✐✲
❥✉❛♥❛ ▲❛✇s✱ ❚r❛✣❝ ❋❛t❛❧✐t✐❡s✱ ❛♥❞ ❆❧❝♦❤♦❧ ❈♦♥s✉♠♣t✐♦♥✳✑ ❏♦✉r♥❛❧ ♦❢ ▲❛✇ ❛♥❞ ❊❝♦♥♦♠✐❝s✱
✺✻✭✷✮✿ ✸✸✸✕✸✻✾✳
❇❛❦❡r✱ ▲❛✉r❡♥❝❡ ❈✳✱ ▼✳ ❑❛t❡ ❇✉♥❞♦r❢✱ ❛♥❞ ❉❛♥✐❡❧ P✳ ❑❡ss❧❡r✳ ✷✵✶✹✳ ✏P❛t✐❡♥ts✬ Pr❡❢✲
❡r❡♥❝❡s ❊①♣❧❛✐♥ ❛ ❙♠❛❧❧ ❜✉t ❙✐❣♥✐✜❝❛♥t ❙❤❛r❡ ♦❢ ❘❡❣✐♦♥❛❧ ❱❛r✐❛t✐♦♥ ✐♥ ▼❡❞✐❝❛r❡ ❙♣❡♥❞✐♥❣✳✑
❍❡❛❧t❤ ❆✛❛✐rs✱ ✸✸✭✻✮✿ ✾✺✼✕✾✻✸✳
❇r❛❞❢♦r❞✱ ❆s❤❧❡② ❈✳✱ ❛♥❞ ❲✳ ❉❛✈✐❞ ❇r❛❞❢♦r❞✳ ✷✵✶✼✳ ✏▼❡❞✐❝❛❧ ▼❛r✐❥✉❛♥❛ ❧❛✇s ▼❛② ❇❡
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❙❝✐❡♥❝❡✱ ✸✺✷✭✻✷✾✵✮✿ ✶✶✽✷✳
❚❤❡ ❋❧♦r✐❞❛ ❇♦❛r❞ ♦❢ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇♦❛r❞ ♦❢ ❖st❡♦♣❛t❤✐❝✳ ✷✵✶✾✳ ✏P❤②s✐❝✐❛♥ ❈❡rt✐✜✲
❝❛t✐♦♥ P❛tt❡r♥ ❘❡✈✐❡✇ P❛♥❡❧ Pr❡❧✐♠✐♥❛r② ❉❛t❛ ❘❡✈✐❡✇ ❆✉❣✉st ✶✾✱ ✷✵✶✾✳✑
❲❡♥✱ ❍❡❢❡✐✱ ❏❛s♦♥ ▼ ❍♦❝❦❡♥❜❡rr②✱ ❛♥❞ ❇❡♥❥❛♠✐♥ ● ❉r✉ss✳ ✷✵✶✾✳ ✏❚❤❡ ❊✛❡❝t ♦❢ ▼❡❞✲
✐❝❛❧ ▼❛r✐❥✉❛♥❛ ▲❛✇s ♦♥ ▼❛r✐❥✉❛♥❛✲❘❡❧❛t❡❞ ❆tt✐t✉❞❡ ❛♥❞ P❡r❝❡♣t✐♦♥ ❆♠♦♥❣ ❯❙ ❆❞♦❧❡s❝❡♥ts
❛♥❞ ❨♦✉♥❣ ❆❞✉❧ts✳✑ Pr❡✈❡♥t✐♦♥ ❙❝✐❡♥❝❡✱ ✷✵✭✷✮✿ ✷✶✺✕✷✷✸✳
❲✐❧❧✐❛♠s✱ ❆rt❤✉r ❘♦❜✐♥✱ ▼❛r❦ ❖❧❢s♦♥✱ ❏✉♥❡ ❍✳ ❑✐♠✱ ❙✐❧✈✐❛ ❙✳ ▼❛rt✐♥s✱ ❛♥❞ ❍❡r✲
❜❡rt ❉✳ ❑❧❡❜❡r✳ ✷✵✶✻✳ ✏❖❧❞❡r✱ ▲❡ss ❘❡❣✉❧❛t❡❞ ▼❡❞✐❝❛❧ ▼❛r✐❥✉❛♥❛ Pr♦❣r❛♠s ❤❛✈❡ ♠✉❝❤




Never TreatedSometimes TreatedAlways Treated
States with MMLs (Sample 2014 - 2018)
❋✐❣✉r❡ ✶✿ ❙t❛t❡s ✇✐t❤ ▼❈▲ ✷✵✶✹ ✲ ✷✵✶✽
▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ❞❛t❡s ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❇r❛❞❢♦r❞ ❛♥❞ ❇r❛❞❢♦r❞ ✭✷✵✶✽✮ ❛♥❞ ❛r❡ ✉♣❞❛t❡ t❤r♦✉❣❤ ✷✵✶✽
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Never Treated Sometimes Treated Always Treated✭❜✮ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ t♦ ♥♦♥✲▼❉s
◆❡✈❡r ❚r❡❛t❡❞ ❙♦♠❡t✐♠❡s ❚r❡❛t❡❞ ❆❧✇❛②s ❚r❡❛t❡❞
❋✐❣✉r❡ ✷✿ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❜② ❉r✉❣ ❛♥❞ P❤②s✐❝✐❛♥ ❚②♣❡
❚❤❡ ✈❡rt✐❝❛❧ ❛①✐s ❞❡s❝r✐❜❡s t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥s ♦❢ ❞❡t❛✐❧✐♥❣ ✇❤✐❧❡ t❤❡ ❤♦r✐③♦♥t❛❧ ❛①✐s ❞❡s❝r✐❜❡s t❤❡ ❛✈❡r❛❣❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢
♣❛②♠❡♥ts✳ ❚❤❡ ♥✉♠❜❡rs ✇✐t❤✐♥ ❡❛❝❤ ❜❛r ✐♥❞✐❝❛t❡ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥❞✐✈✐❞✉❛❧ ♣❛②♠❡♥ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❖♣❡♥ P❛②♠❡♥ts









2013q3 2014q3 2015q3 2016q3 2017q3 2018q3
yq
MCL Approved MCL on Ballot
Dispensary Active (State) Dispensary Active (County)
Evolution of Counties with MCLs (Sample 2013Q3 - 2018Q4)





















2014q1 2015q1 2016q1 2017q1 2018q1 2019q1
Year
MML StatesControl StatesDifference in average payments: MML states less controls
✭❜✮ ❆✈❡r❛❣❡ P❛②♠❡♥ts ♣❡r P❤②s✐❝✐❛♥s
✭✷✵✶✹◗✶ ✲ ✷✵✶✽◗✹✮
❋✐❣✉r❡ ✸✿ ❚❡♠♣♦r❛❧ ❱❛r✐❛t✐♦♥ ✐♥ ❈❛♥♥❛❜✐s ❧✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ ❖✣❝❡ ❉❡t❛✐❧✐♥❣
P❛♥❡❧ ✭❛✮ ❞❡s❝r✐❜❡s t❤❡ ♥✉♠❜❡r ♦❢ ❝♦✉♥t✐❡s ❡①♣♦s❡❞ t♦ ❡❛❝❤ st❛❣❡ ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥✳ P❛♥❡❧ ✭❜✮ ❝♦♠♣❛r❡s
t❤❡ ❛✈❡r❛❣❡ ❞♦❧❧❛r ✈❛❧✉❡ ♦❢ ❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥ ✐♥ ▼❈▲ ❛♥❞ ♥♦♥✲▼❈▲ st❛t❡s✳
Never TreatedSometimes Treated
Counties with Dispensaries (2014)
✭❛✮ ❈♦✉♥t✐❡s ✇✐t❤ ❉✐s♣❡♥s❛r✐❡s ✷✵✶✹
Never TreatedSometimes Treated
Counties with Dispensaries (2018)
✭❜✮ ❈♦✉♥t✐❡s ✇✐t❤ ❉✐s♣❡♥s❛r✐❡s ✷✵✶✽
❋✐❣✉r❡ ✹✿ ❈♦✉♥t✐❡s ✇✐t❤ ▲❡❣❛❧ ❛♥❞ ❆❝t✐✈❡ ❉✐s♣❡♥s❛r✐❡s✿ ✷✵✶✹ ❛♥❞ ✷✵✶✽
❙❤❛❞❡❞ ❝♦✉♥t✐❡s ✐♥❞✐❝❛t❡ ❡①♣♦s✉r❡ t♦ ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ❞✉r✐♥❣ t❤❡ ❝❛❧❡♥❞❛r ②❡❛r✳ ❉✐s♣❡♥s❛r② ✐♥❢♦r♠❛t✐♦♥ ✐s
♦❜t❛✐♥❡❞ ❢r♦♠ ❞✐s♣❡♥s❛r✐❡s r❡❣✐st❡r❡❞ ♦♥ ✇❡❡❞♠❛♣s✳❝♦♠ ❛♥❞ t❤❡ ❞❛t❛ ✉s❡❞ ✐♥ ❙♠✐t❤ ✭✷✵✷✵✮✳
✸✸
(45,307] (30,45](15,30] [0,15]
Average Payment per Physician (Sample 2014 - 2018)
❋✐❣✉r❡ ✺✿ ❆✈❡r❛❣❡ P❛②♠❡♥t ♣❡r P❤②s✐❝✐❛♥✿ ✷✵✶✹ ✲ ✷✵✶✽
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
✭❜✮ ❙✉❜st✐t✉t❡ ❛♥❞ ❖♣✐♦✐❞✲r❡❧❛t❡❞ ❉❡t❛✐❧✐♥❣
❋✐❣✉r❡ ✻✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❡❣❛❧✐③❛t✐♦♥ ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣
❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❢♦r ❡❛❝❤ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞✳ ❚❤❡ ♣❡r✐♦❞ ♣r✐♦r t♦ ❧❛✇ ♣r♦♣♦s❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦
③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❚❤❡ s❤❛❞❡❞ r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪
❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r ✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥❝❧✉❞❡❞
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
✭❜✮ ◆♦ ❇❧♦❝❦❜✉st❡r✲r❡❧❛t❡❞ ♣❛②♠❡♥ts
❋✐❣✉r❡ ✼✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❈▲s ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❜② ▼❛r❦❡t ❙tr✉❝t✉r❡
❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❢♦r ❡❛❝❤ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞✳ ❚❤❡ ♣❡r✐♦❞ ♣r✐♦r t♦ ❧❛✇ ♣r♦♣♦s❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦
③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❚❤❡ s❤❛❞❡❞ r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪
❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r ✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥❝❧✉❞❡❞
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
✭❜✮ ❋✐rst ❞✐s♣❡♥s❛r② ✐♥ ❈♦✉♥t②
❋✐❣✉r❡ ✽✿ ❆❝❝❡ss t♦ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s
❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❢♦r ❡❛❝❤ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❡❛❝❤ ❣r❛♣❤✳ ❚❤❡ ♣❡r✐♦❞ ♣r✐♦r t♦ ❛ ❞✐s♣❡♥s❛r②
♦♣❡♥✐♥❣ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛ ❧❡❣❛❧ ❞✐s♣❡♥s❛r② ✐s ✜rst ❛❝t✐✈❡✳
❚❤❡ s❤❛❞❡❞ r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
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Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
❋✐❣✉r❡ ✾✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❈▲s ♦♥ ❯♥r❡❧❛t❡❞ Pr♦❞✉❝ts ❛♥❞ ❉♦❝t♦rs
❆s ❢❛❧s✐✜❝❛t✐♦♥ t❡sts✱ ✇❡ ❡st✐♠❛t❡ t❤❡ t✐♠❡✲✈❛r②✐♥❣ ❝♦❡✣❝✐❡♥ts ❢♦r ♠❡❞✐❝❛❧ ❞❡✈✐❝❡s ❛♥❞ ❞❡t❛✐❧✐♥❣ t♦ ♦♣t♦♠❡tr✐sts✱ ❞❡♥t✐sts✱
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❈♦❡✣❝✐❡♥ts ❞❡s❝r✐❜❡ t❤❡ ✐♠♣❛❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ t❤❡ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣
s♣❡❝✐✜❡❞ ❢♦r ❡❛❝❤ ♣❛♥❡❧ ❡st✐♠❛t❡❞ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✷✳ ❆❧❧ s♣❡❝✐✜❝❛t✐♦♥s ✐♥❝❧✉❞❡ t✐♠❡ ❛♥❞
❝♦✉♥t② ✜①❡❞ ❡✛❡❝ts ❛s ✇❡❧❧ ❝♦✉♥t②✲❧❡✈❡❧ t✐♠❡✲✈❛r②✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s ❝♦✉♥t② ♣♦♣✲
✉❧❛t✐♦♥✱ ❛✈❡r❛❣❡ ✇❡❡❦❧② ✇❛❣❡s✱ ✉♥❡♠♣❧♦②♠❡♥t r❛t❡✱ ♣❡r❝❡♥t ✉♥✐♥s✉r❡❞✱ ♦❜❡s✐t②✱ ❤❡❛❧t❤
❝♦sts ❛♥❞ ❞❡♠♦❣r❛♣❤✐❝ ✐♥❢♦r♠❛t✐♦♥✳ MCL ✐♥❞✐❝❛t❡s ❛♣♣r♦✈❛❧ ♦❢ ❛ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❛✇
❛♥❞ State Disp. ✐♥❞✐❝❛t❡s ❛ ❧❡❣❛❧ ❛♥❞ ❛❝t✐✈❡ ❞✐s♣❡♥s❛r② ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳ ❙t❛♥❞❛r❞
❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳
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❈❛♥♥❛❜✐s ◆♦♥✲❈❛♥♥❛❜✐s
❉♦❝t♦rs ❉♦❝t♦rs ❉✐✛❡r❡♥❝❡ t✲st❛t✐st✐❝
❉❡t❛✐❧✐♥❣ ❉♦❧❧❛rs
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❉❡t❛✐❧✐♥❣ ◆♦ ❉❡t❛✐❧✐♥❣
❘❡❝❡✐✈❡❞ ❖❝❝✉rs ❉✐✛❡r❡♥❝❡ t✲st❛t✐st✐❝
❈❛♥♥❛❜✐s ❘❡❝♦♠♠❡♥❞❛t✐♦♥s
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❚❤❡ s❛♠♣❧❡ ✐♥ P❛♥❡❧ ❆ ❝♦♥s✐sts ♦❢ ❛❧❧ ❋❧♦r✐❞❛ ❞♦❝t♦rs t❤❛t r❡❝❡✐✈❡ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣
✐♥ t❤❡ ❖♣❡♥ P❛②♠❡♥ts ❞❛t❛❜❛s❡ ❛♥❞ ❝♦♠♣❛r❡s ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ❛❝r♦ss ✇❤❡t❤❡r t❤❡② ♣r♦✈✐❞❡ ❝❛♥♥❛❜✐s
r❡❝♦♠♠❡♥❞❛t✐♦♥s✳ P❛♥❡❧ ❇ ❝♦♠♣❛r❡s t❤❡ ♥✉♠❜❡r ♦❢ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s ♣r♦✈✐❞❡❞ ❜② ❋❧♦r✐❞❛
❞♦❝t♦rs ❜❡t✇❡❡♥ ❏❛♥✉❛r② ✶ ❛♥❞ ❙❡♣t❡♠❜❡r ✸✵ ✷✵✶✽ s❡♣❛r❛t❡❞ ❜② ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈❡❞ ♣r❡✲
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✲ ✭✻✳✾✻✵✮ ✲ ✭✵✳✶✾✷✮ ✲ ✭✸✳✺✶✺✮
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❲❡ r❡❣r❡ss ♣❤②s✐❝✐❛♥✲❧❡✈❡❧ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♦♥ ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥ r❡❝♦♠♠❡♥❞s ❝❛♥♥❛❜✐s ✐♥ ✷✵✶✽ ✭❈❛♥♥❛❜✐s
❉r✳✮✱ t❤❡ ❞❡t❛✐❧✐♥❣ ♣♦st ▼❈▲ ❛♣♣r♦✈❛❧ ✭❈❛♥♥❛❜✐s ❉r✳×▼❈▲✮✱ ❛♥❞ ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥ ✐s ❧♦❝❛t❡❞ ✐♥ ❛ ❝♦✉♥t②
✇✐t❤ ❛♥ ❛❝t✐✈❡ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r② ✭❈❛♥♥❛❜✐s ❉r✳×❉✐s♣✳✮✳ ❊❛❝❤ s♣❡❝✐✜❝❛t✐♦♥ ✐♥❝❧✉❞❡s ❛ ✈❡❝t♦r ♦❢ ❝♦✉♥t②✲❧❡✈❡❧
t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✱ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t②✱
❛♥❞ ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ❞♦❝t♦r t②♣❡ ✜①❡❞ ❡✛❡❝ts✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✱
∗∗∗p < 0.01,∗∗ p < 0.05,∗ p < 0.10✳
✹✶
✾ ❆♣♣❡♥❞✐①
❲❡ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦❢ ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ❧❡❣❛❧✐③❛t✐♦♥ ♦♥ t❤❡ ❛✈❡r❛❣❡ ❞♦❧❧❛rs s♣❡♥t ♦♥ ♦✣❝❡
❞❡t❛✐❧✐♥❣ ♣❡r ♣❤②s✐❝✐❛♥ ✐♥ ❛ ❝♦✉♥t② ♣❡r q✉❛rt❡r✲②❡❛r✳ ❋♦r ❝♦♥s✐st❡♥❝② ❛❝r♦ss s♣❡❝✐✜❝❛t✐♦♥s
❛♥❞ s❛♠♣❧❡s✱ ✇❡ ❡st✐♠❛t❡ t❤❡ r❡s♣♦♥s❡ ❜② ❡①❛♠✐♥✐♥❣ r❡❧❛t✐✈❡ ❝❤❛♥❣❡s ✐♥ ♣❡r ❞♦❝t♦r ❞❡t❛✐❧✐♥❣
❧❡✈❡❧s✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ♥♦♥✲♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✱ ✐♥ ❋✐❣✉r❡ ❆✶ ✇❡ ❛❧s♦
❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦♥ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ ❞❡t❛✐❧✐♥❣ ♣❡r ❞♦❝t♦r✳ ❆❧t❤♦✉❣❤ t❤❡ ♣❡r❝❡♥t ❝❤❛♥❣❡s
❛r❡ s❧✐❣❤t❧② ❧❛r❣❡r ✐♥ t❤❡ ♣❡r✐♦❞ ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✱ t❤❡ r❡s✉❧ts ❛r❡ q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r t♦
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-7 -2 3 8
Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
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-7 -2 3 8
Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
✭❜✮ ❉r✉❣ ❚②♣❡s
❋✐❣✉r❡ ❆✶✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❡❞✐❝❛❧ ❈❛♥♥❛❜✐s ▲❡❣❛❧✐③❛t✐♦♥ ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣
❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♣❡r ❞♦❝t♦r ✐♥ ❝♦✉♥t② c ✐♥ q✉❛rt❡r✲②❡❛r t✳ ❉❡t❛✐❧✐♥❣ ✐s
❝❛t❡❣♦r✐③❡❞ ❜② ❞♦❝t♦r t②♣❡ ✐♥ P❛♥❡❧ ❆ ❛♥❞ ❞r✉❣ t②♣❡ ✐♥ P❛♥❡❧ ❇✳ ❊❛❝❤ ❣r❛♣❤ ❞❡s❝r✐❜❡s t❤❡ ❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts
❢♦r ❡❛❝❤ ❝❛t❡❣♦r② ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞ ❛♥❞ t❤❡ s❤❛❞❡❞ r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳
❚❤❡ ♣❡r✐♦❞ ♣r✐♦r t♦ ❧❛✇ ♣r♦♣♦s❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛♥ ▼❈▲
✐s ♣r♦♣♦s❡❞✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r ✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❡❛❝❤ s♣❡❝✐✜❝❛t✐♦♥
❛♥❞ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳
✹✷
❆s ❛ r♦❜✉st♥❡ss t❡st✱ ✇❡ ❡st✐♠❛t❡ t❤❡ r❡s♣♦♥s❡ ✐♥ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣✲r❡❧❛t❡❞ ♦✣❝❡ ❞❡✲
t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ t❤❡ ❛♣♣r♦✈❛❧ ♦❢ ❛♥ ▼❈▲✳ ❚❤✐s ❡✈❡♥t r❡♠♦✈❡s ✉♥❝❡rt❛✐♥t② ♦❢ ✇❤❡t❤❡r ❧❡❣❛❧
❝❛♥♥❛❜✐s ✇✐❧❧ ❡♥t❡r t❤❡ ♠❛r❦❡t ❛♥❞ ❧✐❦❡❧② r❡❞✉❝❡s t❤❡ ♣✉❜❧✐❝ ❞❡❜❛t❡ r❡❣❛r❞✐♥❣ ❧❡❣❛❧✐③❛t✐♦♥✳
❇❡❝❛✉s❡ t❤❡ ♠❡❞✐❛♥ ❞✉r❛t✐♦♥ ❜❡t✇❡❡♥ ▼❈▲ ♣r♦♣♦s❛❧ ❛♥❞ ❛♣♣r♦✈❛❧ ✇✐t❤✐♥ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞
✐s ♦♥❡ q✉❛rt❡r✱ ✇❡ ❛❧❧♦✇ ❢♦r ♦♥❡ ♣❡r✐♦❞ ♦❢ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts ❛♥❞ ♥♦r♠❛❧✐③❡ t❤❡ q✉❛rt❡r t✇♦
♣❡r✐♦❞s ♣r✐♦r t♦ ❛♣♣r♦✈❛❧ t♦ ③❡r♦✳ ❚❤✐s ❛♣♣r♦❛❝❤ ♣r♦✈✐❞❡s ❛ ❜❡tt❡r ❡st✐♠❛t❡ ♦❢ ❝❤❛♥❣❡s ✐♥
❞❡t❛✐❧✐♥❣ ❢♦❧❧♦✇✐♥❣ ❝♦♥✜r♠❛t✐♦♥ t❤❛t ♠❡❞✐❝❛❧ ❝❛♥♥❛❜✐s ✐s ❡♥t❡r✐♥❣ t❤❡ ♠❛r❦❡t✳✸✶
❚❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ❆✷ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♦✉r ❡st✐♠❛t❡s ✐♥ ❋✐❣✉r❡ ✻ t❤❛t ❡①♣❧♦✐t
t❤❡ t✐♠✐♥❣ ✐♥ ▼❈▲ ♣r♦♣♦s❛❧s✳ ❲❡ ✜♥❞ ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ ♦✈❡r❛❧❧ ❞❡t❛✐❧✐♥❣
❞♦❧❧❛rs s♣❡♥t ♣❡r ❞♦❝t♦r ✐♥ t❤❡ q✉❛rt❡r ♣r✐♦r t♦ ❛♣♣r♦✈❛❧ t❤❛t ❧❛r❣❡❧② ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡
♣❡r✐♦❞ ✐♥ ✇❤✐❝❤ ❛♥ ▼❈▲ ✐s ♣r♦♣♦s❡❞✳ ❙✐♠✐❧❛r t♦ t❤❡ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✻ ❤♦✇❡✈❡r✱ t❤❡ ❡✛❡❝t
♦♥ ♣r❡s❝r✐♣t✐♦♥ ❞r✉❣ ❞❡t❛✐❧✐♥❣ ❛tt❡♥✉❛t❡s t♦ ③❡r♦ ❛❢t❡r ❛♥ ▼❈▲ ✐s ❛♣♣r♦✈❡❞✳
❚♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❞❡t❛✐❧✐♥❣ ❛♥❞ ❝❛♥♥❛❜✐s r❡❝♦♠♠❡♥❞❛t✐♦♥s✱ ✇❡ ❡st✐✲
♠❛t❡ ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ❡q✉❛t✐♦♥ t❤❛t t❛❦❡s t❤❡ ❢♦r♠
Dict = β1CannabisDri ×MCLct +X
′
ctα+ γc + δt + φi + εict ✭✹✮
✇❤❡r❡ Dict ✐s t❤❡ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs s♣❡♥t ♦♥ ♣❤②s✐❝✐❛♥ i ♦❢ ❞♦❝t♦r t②♣❡ j ✐♥ ❝♦✉♥t② c ✐♥ q✉❛rt❡r
②❡❛r t✳✸✷ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ s❛♠❡ s❡t ♦❢ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥ ♣r✐♦r s♣❡❝✐✜❝❛✲
t✐♦♥s✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t②
❛s ✇❡❧❧ ❛s ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ♣❤②s✐❝✐❛♥ ✜①❡❞ ❡✛❡❝ts✳ ❖✉r s❛♠♣❧❡ ✐♥❝❧✉❞❡s ❛❧❧ ❋❧♦r✐❞❛
❞♦❝t♦rs t❤❛t r❡❝❡✐✈❡ ❞r✉❣✲r❡❧❛t❡❞ ❞❡t❛✐❧✐♥❣ ❢r♦♠ ✷✵✶✹ t❤r♦✉❣❤ ✷✵✶✽✳ ❉♦❝t♦rs t❤❛t r❡❝♦♠♠❡♥❞
❝❛♥♥❛❜✐s ❝♦♠♣r✐s❡ ♦✉r tr❡❛t♠❡♥t ❣r♦✉♣ ✇❤✐❧❡ ♣❤②s✐❝✐❛♥s t❤❛t ❞♦ ♥♦t r❡❝♦♠♠❡♥❞ ❝❛♥♥❛❜✐s
❛r❡ ✐♥❝❧✉❞❡❞ ♦✉r ❝♦♥tr♦❧ ❣r♦✉♣✳ ❈❛♥♥❛❜✐s ❞♦❝t♦rs ❛r❡ ❝♦♥s✐❞❡r❡❞ ✏✉♥tr❡❛t❡❞✑ ❢♦r ❛❧❧ ♦❜s❡r✈❛✲
t✐♦♥s ♣r✐♦r t♦ ▼❈▲ ❛♣♣r♦✈❛❧ ❛♥❞ β1 ❝❛♣t✉r❡s t❤❡ ❝❤❛♥❣❡ ✐♥ ❞❡t❛✐❧✐♥❣ r❡❧❛t✐✈❡ t♦ ♥♦♥✲❝❛♥♥❛❜✐s
❞♦❝t♦rs ❢♦❧❧♦✇✐♥❣ ▼❈▲ ❛♣♣r♦✈❛❧✳
✸✶❚❤❡ ❡st✐♠❛t❡s ❛r❡ ♥♦t s❡♥s✐t✐✈❡ t♦ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❡①❝❧✉❞❡❞ ❜❛s❡ ♣❡r✐♦❞✳ ❚❤❡ ❧♦♥❡ ❡①❝❡♣t✐♦♥
♦❝❝✉rs ✐❢ ✇❡ ♦♠✐t t❤❡ ♣❡r✐♦❞ ✐♠♠❡❞✐❛t❡❧② ♣r❡❝❡❞✐♥❣ t❤❡ q✉❛rt❡r ♦❢ ▼❈▲ ❛♣♣r♦✈❛❧ ✭t = −1✮✳
✸✷❲❡ ❛❧s♦ ❡st✐♠❛t❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✉s✐♥❣ r❡♣❡❛t❡❞ ❝r♦ss s❡❝t✐♦♥s r❛t❤❡r t❤❛♥ ❛♥ ✉♥❜❛❧❛♥❝❡❞ ♣❛♥❡❧✳
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-7 -2 3 8
Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
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-7 -2 3 8
Quarters since (until) adoption of MML
Response of Physician Payments to Medical Marijuana Laws
95% Confidence Interval Regression Coefficients
✭❜✮ ❉r✉❣ ❚②♣❡s
❋✐❣✉r❡ ❆✷✿ ❚✐♠❡✲✈❛r②✐♥❣ ❊✛❡❝ts ♦❢ ▼❈▲s ♦♥ ❖✣❝❡ ❉❡t❛✐❧✐♥❣ ❜② ▼❈▲ ❆♣♣r♦✈❛❧
❖▲❙ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❢♦r ❡❛❝❤ t②♣❡ ♦❢ ❞❡t❛✐❧✐♥❣ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❡❛❝❤ ❣r❛♣❤✳ ❚❤❡ ♣❡r✐♦❞ t✇♦ ♣❡r✐♦❞s ♣r✐♦r t♦ ❧❛✇
❛♣♣r♦✈❛❧ ✐s ♥♦r♠❛❧✐③❡❞ t♦ ③❡r♦ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛t ♣❡r✐♦❞ ✵ ✐♥❞✐❝❛t❡s t❤❡ q✉❛rt❡r ❛♥ ▼❈▲ ✐s ❛♣♣r♦✈❡❞✳ ❚❤❡ s❤❛❞❡❞
r❡❣✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛t ❡❛❝❤ ♣♦✐♥t✳ ❚✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦✉♥t② ❛♥❞ q✉❛rt❡r✲②❡❛r
✜①❡❞ ❡✛❡❝ts ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ ❡❛❝❤ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ st❛t❡ ❧❡✈❡❧✳
❚❛❜❧❡ ❆✶✿ P♦st✲▼❈▲ ❊✛❡❝ts ♦♥ ❉❡t❛✐❧✐♥❣ t♦ ❈❛♥♥❛❜✐s ❉♦❝t♦rs
❖✈❡r❛❧❧ ❙✉❜st✐t✉t❡✲❘❡❧❛t❡❞ ❖♣✐♦✐❞✲❘❡❧❛t❡❞
✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮
❈❛♥♥❛❜✐s ❉r✳ ✻✳✼✵✾ ✶✵✳✵✾✷✯✯ ✲✹✳✺✶✶ ✲✹✳✵✻✾✯ ✲✵✳✺✼✺✯✯ ✲✵✳✹✶✹
×▼❈▲ ✭✹✳✻✺✼✮ ✭✹✳✽✻✹✮ ✭✷✳✼✾✶✮ ✭✷✳✹✺✻✮ ✭✵✳✷✼✷✮ ✭✵✳✷✾✹✮
❈❛♥♥❛❜✐s ❉r✳ ✲✻✳✾✽✶ ✲✵✳✾✶✶ ✲✵✳✸✸✹
×❉✐s♣❡♥s❛r② ✭✺✳✻✽✻✮ ✭✷✳✼✹✺✮ ✭✵✳✷✹✽✮
❖❜s❡r✈❛t✐♦♥s ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻ ✺✼✻✱✻✶✻
❲❡ r❡❣r❡ss ♣❤②s✐❝✐❛♥✲❧❡✈❡❧ ❞❡t❛✐❧✐♥❣ ❞♦❧❧❛rs ♦♥ ✇❤❡t❤❡r t❤❡ ♣❤②s✐❝✐❛♥ r❡❝♦♠♠❡♥❞s ❝❛♥♥❛❜✐s ✐♥ ✷✵✶✽
✐♥t❡r❛❝t❡❞ ✇✐t❤ ♦❜s❡r✈❛t✐♦♥s ♣♦st ▼❈▲ ❛♣♣r♦✈❛❧ ✭❈❛♥♥❛❜✐s ❉r✳ ① ▼❈▲✮ ❛♥❞ ✇❤❡t❤❡r t❤❡ ♣❤②s✐✲
❝✐❛♥ ✐s ❧♦❝❛t❡❞ ✐♥ ❛ ❝♦✉♥t② ✇✐t❤ ❛♥ ❛❝t✐✈❡ ❝❛♥♥❛❜✐s ❞✐s♣❡♥s❛r② ✭❈❛♥♥❛❜✐s ❉r✳ ① ❉✐s♣❡♥s❛r②✮✳ ❊❛❝❤
s♣❡❝✐✜❝❛t✐♦♥ ✐♥❝❧✉❞❡s ❛ ✈❡❝t♦r ♦❢ ❝♦✉♥t②✲❧❡✈❡❧ t✐♠❡✲✈❛r②✐♥❣ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s✱ t❤❡ ♥❛t✉r❛❧ ❧♦❣ ♦❢ t❤❡
♥✉♠❜❡r ♦❢ ♣❤②s✐❝✐❛♥s r❡❝❡✐✈✐♥❣ ♣❛②♠❡♥ts ✐♥ ❛ ❝♦✉♥t②✱ ❛♥❞ ❝♦✉♥t②✱ q✉❛rt❡r✲②❡❛r✱ ❛♥❞ ❞♦❝t♦r ✜①❡❞
❡✛❡❝ts✳ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✱ ∗∗∗p < 0.01,∗∗ p < 0.05,∗ p < 0.10✳
✹✹
